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CHArïEE  VI 


ELECTROMOTIVE  ACTION  IN  VEGETABLE  CELLS 

It  has  long  been  knowii  that  electrical  currents  caii  be  led  off 
froni  certain  parts  of  plants,  under  given  conditions.  Beccpierel, 
Wartmann,  and  Buff  ail  made  important  contributions  to  this 
subject.  The  last  author  concluded  from  bis  experiments  (carried 
out  with  comparatively  imperfect  technical  accessories)  that  “ the 
roots  and  ail  internai  parts  of  the  plant  filled  with  air  are  in  a 
State  of  permanent  negatixdty,  while  the  moist  or  wetted  outer 
surfaces  of  fresh  twigs,  leaves,  flowers,  and  fruits  are  positively 
electrical”  (1).  He  explained  this  to  mean  that  the  epidermis 
of  the  plant  forms  a dividing  line  between  the  external  water  of 
moisture  and  the  salts,  acids,  and  other  constituents  of  the  sap. 
Electrical  excitation  occurs  at  this  boundary,  and  current  flows 
in  the  direction  observed  in  the  leadinçf-off  circuit.  Jürgensen 
(2),  again,  found  the  uninjured  surface  positive  to  the  transverse 
section,  in  the  divided  leaves  of  Vcdlisneria  spiralis,  in  consé- 
quence, as  he  believed,  of  Chemical  différences  between  the 
exposed  fluid  of  the  cell  and  the  surface  of  the  leaf.  The  saine 
negativity  of  injured  points  (artificial  trans verse  or  longitudinal 
sections)  obtains,  according  to  Hermann  (3),  in  living  stalks  of 
different  species  of  plants.  The  cross-section,  or  artificial  long 
section,  is  plainly  négative  to  the  uninjured  surface.  The  intensity 
of  these  currents,  “ generally  speaking,  varies  in  a marked  degree 
with  the  charge  of  moisture  in  the  plant,  and  the  resulting 
conductivity.  The  deflections  range  from  20  degrees  of  the 
scale  to  its  disappearance  from  the  field  of  vision.  The 
stalks  of  fungi  yield  the  strongest  currents.”  The  E.M.F.  varies 

between  O’Ol  and  0'08  Dan.,  i.e.  is  of  approximately  the  saine 
order  as  in  the  muscle  current,  althoiigh  the  deflections  are  often 
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sinall,  owing  to  the  high  résistance.  lu  the  niajority  of  cases  the 
“ longitudinal- transverse  ” current  in  divided  plant-stalks  diinin- 
ishes  rapidly,  and  may  even  be  reversed.  Hermann  (who  refers 
these  currents,  by  analogy  with  the  currents  of  muscle  and  nerve, 
to  the  immédiate  contact  of  chemically  altered  dying  and  normal 
plasma  in  the  injured  cells)  explains  this  by  the  individual  death 
of  the  latter,  as  Engehnann  lias  said  of  smooth  muscle-cells.  “ If 
the  opened,  or  otherwise  injured,  protoplasmic  tubes  were  con- 
tinuons throughout  the  length  of  the  tissue,  like  the  fibres  of 
nerve  and  muscle,  the  process  of  death  would  creep  forward,  and 
the  cross-section  be  permanently  négative  to  the  surface  of  the 
plant.  Most  of  the  cells  which  contain  the  protoplasm  are, 
however,  short,  albeit  drawn  ont  longitudinally,  and  thus  the 
negativity  of  a cross-section  is  transitory,  although  a further 
section  exhibits  fresh  activity  ” (Le.).  . 

Much  greater  interest  attaches  to  the  electrical  reactions 
which  may  appear  in  certain  organs  of  plants  that  are  perfectly 
uninjured.  The  naine  of  Burdon-Sanderson  is  foreniost  in  these 
researches.  His  admirable  observations  on  the  excitable  leaf  of 
Dionœa  muscvpula  are  by  far  the  best  contribution  to  the 
subject.  Later  on  we  shall  bave  to  study  these  in  detail;  here 
it  need  only  be  said  that  différences  of  potential  are  also  found  in 
the  totally  uninjured  leaf,  particularly  between  upper  and  under 
surface,  and  exhibit  perfectly  regular  variations  during  the  ex- 
citatory  movements  of  the  plant. 

A.  J.  Kunkel  (4),  workiug  under  Sachs’  direction,  concluded, 
from  the  green  foliage-leaves  of  different  kinds  of  plants,  that  (on 
leading  off  with  uupolarisable  électrodes,  under  uniform  conditions) 
the  veins  of  the  leaf  were  positive  to  its  green  surface.  “ The 
stout  mid-rib  is  weakly  positive  to  the  finer  latéral  veins  ; in  the 
latter  the  jimction  of  two  veins  is  a highly  positive  point.” 
Accord! ng  to  Kunkel,  the  sign  of  this  P.H.  dépends  essentially 
upon  the  State  of  imbibition  at  the  leading-off  contacts  at  the 
moment,  since  every  point  that  lias  been  moistened  for  sonie 
time  is  at  first  positive  to  points  that  hâve  been  more  recently 
wetted. 

And  if  these  experinients  indicate  the  great  significance  of 
the  distribution,  or  movement,  of  water  in  vegetable  organs,  with 
reference  to  their  electromotive  activity,  the  sanie  appears  still 
more  plainly  from  Kunkers  experinients  as  to  the  effects  of  injury 
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and  flexion  on  the  development  of  diflerences  of  potential.  On 
leading  ofl'  froni  two  points  of  a green  stem  wliich  is  in  itself 
isoelectric,  a P.l).  always  appears  when  the  vicinity  of  one 
electrode  is  injured  (by  cntting  or  squeezing),  that  electrode 
being  invariably  négative  to  the  other.  The  saine  occurs  on 
bending  the  stalk,  if  this  is  effected  by  a sudden  jerk.  Slow, 
régulai’  flexion,  on  the  contrary,  produces  no  effect  on  the 
galvanometer.  The  électrodes  were  prevented,  by  threads,  from 
shifting  along  the  stalk. 

The  theoretical  conclusion  from  these  experiments  (which  were 
subsequently  confirmed  by  O.  Haake,  5)  was,  like  Grünhagen’s 
theory  of  the  manifestations  of  animal  electricity,  referred  to  the 
so-called  diaphragmatic  currents,  nor  did  it  obtain  longer  than  the 
former — once  more  proving  that  it  is  not  sufficient,  in  explana- 
tion  of  a physiological  phenomenon,  to  bring  forward  a single, 
purely  physical,  symptom,  but  that  we  are  in  presence  of  a vital 
manifestation,  the  intrinsic  character  of  which  is  determined  by 
a complex  interaction  of  physical  and  Chemical  forces. 

In  the  “ migration  of  water  ” Kunkel  believed  that  he  had 
discovered  an  infallible,  and  universally  applicable,  key  to  the 
electrical  phenomena  which  niay  at  times  be  observed  in  vegetable 
organs.  In  the  case  of  his  fundamental  experiment  with  green 
leaves,  he  ascribes  the  observed  différences  in  potential  to  the 
differing  résistance  presented  by  the  tissues,  at  the  leading-off 
contacts,  to  the  water,  which  diffuses  inwards  from  the  moist 
électrodes,  thus  bringing  about  the  requisite  movement  of  water. 
And  indeed  the  unequal  moisture  of  the  ribs  and  mesophyll  is 
an  easily-verified  fact  in  many  leaves.  But,  as  Haake  points 
ont,  the  leaf  may  be  sponged  over,  or  covered  permanently  with 
water,  loithout  alteration  of  the  clectroviotive  reaction.  Eveil 
more  convincing  is  the  reaction  of  permanently  submerged 
leaves  ( Vallisncria,  Nitella),  “ from  which  regular  currents  can 
be  led  off  even  when  they  lie  under  water  (to  the  depth  of  -^—1 
mm.).”  Haake  further  remarks  “ that  a normal  electrical  reaction 
is  exhibited  only  in  the  living  leaf.  A leaf  killed  by  momentary 
immersion  in  boiling  water  gives  no  more  reaction  if  left  one  to 
two  days  in  the  moist  chamber,  than  a leaf  that  bas  died 
naturally,  and  yet  the  conditions  for  (quantitative  différences  in 
the  migration  of  water  are  still  qiresent.” 

And  against  the  validity  of  the  “drop  experiment”  Haake 
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urges  that  it  succeeds  even  when  applied  to  a leaf  of  which  the 
tissues  are  fully  saturated  by  long  immersion  in  water,  “ so  that 
tliere  can  be  no  further  absorption  of  water  from  the  électrodes.” 
The  chief  point  insisted  on  by  Kunkel  is  the  fact  that 
electromotive  action  appears  only  with  rapid,  and  not  with  slow, 
flexion  of  a green  stalk.  But  without  denying  that  electrical 
effects  might  be  caused  in  dead  or  living  parts  of  plants  by  rapid 
and  adéquate  movements  of  water  (due  to  purely  mechanical 
causes),  it  is  equally  certain  that  they  are  not  under  ail  condi- 
tions solely  due  to  the  migration  of  water.  This  is  sufbciently 
plain  from  the  experiments  on  excitable  leaves,  to  which  we  shall 
return  later.  Above  ail,  an  explanation  is  needed  of  the  difler- 
ences  in  potential  (often  permanent  and  very  considérable)  which 
frequently  make  their  appearance  in  certain  vegetable  organs,  and 
which,  from  the  point  of  view  we  hâve  been  discussing,  would 
présent  insuperable  ditticulties  to  Kunkel  ; for  it  is  hardly  a 
satisfactory  or  probable  explanation  that  dérivés  the  strong 
“ current  of  rest,”  amounting  to  O'I  Dan.  (which  Kunkel  found 
in  the  leaf  of  Mimosa,  on  leading  off  from  the  upper  border 
of  the  excitable  pulvinus  at  the  base  of  the  common  [primary] 
leaf-stalk,  and  from  one  of  the  two  strong  thorns  near  the  inser- 
tion of  the  leaf),  from  “ the  diffusion  currents  obtained,  even  in 
the  resting  state,  on  moisteniiig  certain  portions  of  tissiies  that 
are  peculiarly  adapted  to  rapid  alteration  in  their  charge  of 
water,  taking  it  np  and  giving  it  ont  quickly  in  large  quantity.” 
Kunkel,  however,  concerned  himself  little  with  the  electromotive 
reactions  of  excitable  parts  of  plants  (which  are  theoretically  of 
fundamental  importance),  and  lus  researches  in  this  direction  are 
superseded  by  the  later  investigations  of  Burdon-Sanderson. 

The  intrinsically  smaller  différences  of  potential  which  Kunkel 
observed  in  diflerent  species  of  green  leaves  must  equally,  ac- 
cording  to  Haake,  be  referred  to  vital  physiological  processes,  lu 
the  first  place,  there  is  an  ol)vious  relation  between  the  electro- 
motive manifestations  and  respiration.  When  suitable  leaves  or 
stalks  were  enclosed  in  a glass  tube,  with  the  électrodes  iuserted 
into  one  end,  while  gases  were  led  through  the  other  (Big.  137),  there 
was  invariably  a rapid  diminution  of  the  original  IM).  between 
mid-rib  (close  to  its  eiitrance  into  the  stalk)  and  mesophyll  (near 
the  centre  of  the  leaf),  if  the  oxygen  was  completely  driven  off 
by  moist  liydrogen.  With  the  readmission  of  air  the  current 
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approximately  recovered  its  former  strengtli.  ïlie  saine  reaction 
occiirred  in  seedlings  of  Fisum  sativum  on  leading  off  from  tlie 
collar  of  the  root  and  tlie  stem,  where  Hermann  (3)  liad  pre- 
vionsly  fonnd  a normal' strong  cnrrent,  the  root  heing  négative  to 
the  body  {i.c.  the  cotylédons).  The  E.M.F.  often  exceeded  yL 
Dan.  Johannes  Müller-Hettlingen  (3),  who  stndied  this  effect 
more  closely  at  Hermann’s  request,  formulated  the  la'w  as  follows  : 
AVhen  one  of  the  leading-off  électrodes  is  persistently  applied  to 
the  cotylédons,  while  the  other  leads  off  successively  from  points 
of  the  seedling  ahove  or  below  the  cotylédon,  there  is  alwa^^s  a 
cnrrent  directed  from  the  electro-positive  seed  hnsk,  or  cotylédon, 


to  ail  other  electro- négative  parts  of  the  seedling,  its  E.M.F, 
heing  less  in  proportion  as  the  exploring  electrode  is  nearer  the 
cotylédon,  ahove  or  helo'w  it.  Fig.  138  gives  a schéma  of  this 
reaction. 

Haake  occasionally  found  reversai,  or  augmentation,  instead  of 
diminution,  of  the  oi'iginal  cnrrent  'wlieii  respiration  was  inter- 
rupted.  “ Such  parts  of  plants  as  naturally  exhibit  marked 
différences  in  respiration  yield  excessively  strong  currents,  c.g. 
the  reproductive  organs  of  Howers,  on  leading  off  from  pistil  or 
anther,  and  Üo-wer-stalk.”  In  such  cases  Haake  ohtained  deflec- 
tions  of  50—80  degrees  on  the  capillary  electronieter,  while  in 
green  leaves  the  total  effect  is  only  15—20  degrees. 

Tlie  P.D.  is  also,  cornparatively  speakiug,  very  marked  when 
the  respiration  of  a plant  is  checked  at  one  electrode  only,  by 
cutting  off  the  supply  of  oxygen,  which  Haake  effected  hy  en- 
closing  seedlings  of  Fisum  or  Faha  in  a doul)le  tube,  and  replacing 
the  air  liy  liydrogen  on  one  side  only  (Fig.  137).  In  one  speci- 
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meii  (a  seedling  of  Pisum  14  days  old),  the  initial  deflection  of 
+ 5 degrees  rose  on  leading  off  from  collar  of  root  and  tip  of  stalk 
to  +57  degrees,  after  driving  off  the  oxygen  froni  the  root  and 
lower  part  of  the  stem,  falling  again  with  a fresh  supply  of  air  to 
+ 14  degrees.  With  nninterrupted  supply  of  air,  the  sanie  effect 
results  from  local  changes  in  resp+atory  activity  due  to  rise  or 
fall  of  température  in  the  plant,  near  one  or  the  other  électrode. 

The  assimilatory  process  seems,  from  Haake’s  experiments, 
also  to  contribute  to  the  différences  of  potential  exhibited  by 
green  leaves.  The  arrest  by  darkness  of  the  décomposition  of 
CO2  regularly  produces  a diminution  of  the  initial  current.  “ If 
the  normal  conditions  are  restored  (by  illumination),  the  former 
potential  reasserts  itself  ; but  its  magnitude  is  permanently 
affected,  and  becomes  either  less  or  greater.”  Leaves  that  contain 
no  chlorophyll  (petals  of  flowers)  show  110  change  of  electrical 
response  when  they  are  deprived  of  light.  The  most  important 
fact  in  these  observations  is  the  existence  of  an  electrical  P.D. 
between  the  , cells,  or,  strictly  speaking,  tracts  of  cells,  in  a 
vegetable  organ  or  entire  plant,  which  differ  in  their  Chemical 
constitution. 

The  electromotive  reactions  of  vegetable  organs  (for  the  most 
part  very  inconspicuous  as  compared  with  the  corresponding 
manifestations  in  animal  tissues)  hâve  attracted  much  more 
attention  since  the  discovery  of-  the  striking  manifestation  in 
excitable  'plants,  as  first  pointed  ont  by  Burdon-Sanderson,  when  he 
showed  that  the  excitatory  movements  of  the  leaf  of  Dionœa  musci- 
2mla  are  accompanied  by  liighly  characteristic  alterations  of  the 
original  P.D.  between  upper  and  under  surface  (6). 

The  subject  is  best  introduced  by  describing  the  organisation 
and  structure  of  the  pai'ts  of  plants  involved,  as  well  as  the  nature 
and  causes  of  their  excitatory  movements. 

The  general  habit  of  growth  in  Dionœa  mnscijnda  is  shown  in 
Fig.  139,  which  at  the  saine  time  gives  tlie  method  employed  by 
Munk  (to  whom  we  owe  an  admirable  work  on  the  electro- 
niotivc  action  and  excitatory  movements  of  tins  jdant,  7)  for 
setting  up  the  specimens  he  investigated,  so  as  to  leail  otf  from 
the  leaves  as  conveniently  as  possil)le. 

d'Iie  leaf,  which  is  from  2 to  12  cm.  long  in  the  full-grown 
plant,  is  divided  externally  into  three  sections — the  winged  leaf- 
stalk,  its  unwinged  part,  and  the  lamina  of  the  leaf  Tins  last 
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consists  of  two  distinct  lobes,  which,  like  tlie  wings  of  the  petiole, 
are  attaclied  to  tlie  bighly  convex;  inid-rib.  At  its  margin  the 
leaf  is  prolonged  at  tolerably  regnlar  intervals  iuto  bristle-like 
prueesses,  which  hook  togetlier  alternately  when  the  loljes  are 
folded  up.  On  the  surface  of  each  lobe  are  three  small  hairs,  one 


Fia.  139. 


near  the  mid-rih,  the  other  two  somewhat  external  to  it,  and 
these  are  essentially  the  seat  of  excitahility.  ïhe  inner  surface 
of  tlie  leaf  is  further  provided  with  a nuniher  of  sniall  discoid 
glands.  The  wings  of  the  petiole  consist  of  a soft  unstahle 
tissue,  while  the  lolies  are  luinpy,  sappy,  and  highly  résistant. 
Latéral  veins  run  ont  at  approxiinately  eipial  distances  froin  the 
tihro-vascular  hnndle  whicli  passes  up  tlie  centre  of  the  mid- 
rih,  and  form  au  élégant  System  of  arches  at  the  margin  ol'  the 
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leaf  (Fig.  140).  ïhe  parenchyma  of  the  lobe  is  entirely  coin- 

posed  of  elongated  or  oblong 
cells,  their  long  axis  being 
parallel  with  the  main  bundles 
of  the  latéral  veins,  and  ver- 
tical to  the  mid-rib  (Fig.  141), 
while  they  are  circulai’  (in 
the  long  section  of  the  leaf) 
in  cross-section.  Large  in- 
tercellular lacunæ  appear  be- 
tween  the  single  cells. 

Below  the  epidermis  of 
the  upper  surface  of  the  leaf, 
the  oblong  hexagonal  cells  of 
which  are  rich  in  starch,  lies 
a layer  of  somewhat  shorter 
thin-walled  cells,  succeeded 
by  2—0  layers  of  larger,  longer, 
cylindrical  cells,  with  hardly 
any  organised  contents  (Fig. 
141).  “ The  innermost  layer 

of  these  cells  impinges  on  the 
long  slender  cells  which  ac- 
company  the  fibro-vascular 
bundles  in  the  petiole.  Below  the  vascular  bundle  there  are 


l*’io.  141. — T.S.  of  lamina  of  Dioiitpa  leaf,  imrallel  witli  tlie  latéral  nerves.  (R  Kurtz.) 

2—3  rows  of  cells  resembling  those  described  above,  then  3—4  layers 
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üf  much  smaller,  less  conspicuous  cells,  lich  in  cliloroj)hyll,  and 
finally,  the  epidennis  of  the  imder  surface  of  tlie  leaf”  (F. 
Ivnrtz). 

The  parenchyina  of  the  leaf  breaks  through  the  epidennis  of 
the  inner  surface  at  the  point  where  a sensory  hair  takes 
origin.  The  parenchymatous  cells  lying  immediately  below 
the  epidennis  are  smaller  at  this  point,  and  forin  a cylinder 
(circular  in  cross -section)  consisting  of  4—5  layers  of  polygonal 
cells,  which  rise  ahove  the  surface  of  the  leaf,  and  constitute  about 
j\yth  of  the  total  length  of  the  hair.  From  this  cylinder  the 
true  hair  rises  a^a  slender  cône;  it  contains  no  vascular  bundle, 
and  consists  of  long  small  cells  (F.  Ivnrtz,  8). 

If  impolarisable  électrodes  are  applied  to  opposite  ends  of  a 
fresh  uninjured  leaf  of  Dionœa,  a regular  current  (as  first  pointed 
ont  hy  Burdon-Sanderson)  is  indicated  on  a galvanometer  included 
in  the  circuit,  flowing  in  the  leaf  from  the  end  proximal  to  the 
stalk  (according  to  Munk,  the  anterior  end)  to  the  distal  (postcrior) 
end — Sanderson’s  “ normal  leaf  current.”  On  leading  off  from 
symmetrical  points  of  the  external  (under)  surface  of  the  lamina, 
Munk  either  found  no  current,  or  a weak,  irregular  effect.  If 
lines  are  conceived  on  the  surface  of  a lobe,  at  right  angles  to 
the  mid-rib  (Munk’s  “ transverse-lines  ”),  each  point  of  the  same 
will  be  négative  to  the  corresponding  point  of  the  mid-rib,  the 
more  so  within  a certain  range  in  proportion  as  the  point  upon  the 
transverse  line  is  nearer  the  maruin  of  the  leaf  The  line  con- 
necting  the  most  négative  points  of  ail  the  cross-lines  running 
approximately  parallel  with  the  mid-rib  is  called  by  Munk  the 
“ principal  longitudinal  line  ” of  the  lamina  ; as  the  most  positive 
point  of  the  leaf  he  opposes  the  anteifor  end  of  the  posterior  third 
of  the  mid-rih.  The  distribution  and  magnitude  of  potential  at  the 
upper  (inner)  surface  of  tlie  leaf  corresponds,  according  to  Munk, 
with  that  of  the  lower  (outer)  surface  ; so  that  on  leading  off  from 
two  corresponding  points  of  I)oth  surfaces  tliere  should  be  no 
current;  tliis,  as  Burdon-Sanderson  found  later,  is  not  the  case. 
The  electromotive  reactions  of  the  leaf  of  Dionœa  are  associated 
with  its  vitality,  and  at  death  décliné  to  zéro.  The  ahsolute 
magnitude  of  E.M.F.  is  of  considérable  proportions.  “The  B.D. 
hetween  a point  in  the  proxiniity  <4’  the  principal  longiBulinal 
line,  and  one  in  the  posterior  half  (distal  to  the  stalk)  of  the 
mid-rib,  is  not  infrequently  0'04-0'05  Dan.” 
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In  order  to  explain  these  electromotive  effects  in  the 
“ resting  ” leaf,  Mnnk  formnlated  a “ inolecular  theory,”  in  which 
the  parenchyina  cells  fnnction  as  cylindrical  molécules,  giving  sucli 
an  electrical  reaction  that  “ the  positive  electricity  is  directed 
from  the  middle  of  the  cell  towards  either  pôle,  the  latter  being 
therefore  positive  towards  the  centre.”  Dionœa  (in  comnion  with 
a few  other  plants)  bas  the  power  of  making  visible  moveinents 
under  spécial  conditions,  consisting  in  this  case  of  a rapid 
closing  of  the  two  lobes,  which  enables  it  to  capture  the  in- 
sects  that  hâve  alighted  on  it.  This  kind  of  excitatory  move- 
ment  is  distinguished  by  its  rapid  energetic  character  from  the 
slow  “ movements  of  absorption  ” which  commonly  succeed  the 
first,  and  only  appear  alone  when  absorbable  substances  (méat, 
albumen,  etc.)  are  applied  cautiously,  and  without  touching  the  sen- 
sitive hairs,  to  the  inner  surface  of  the  leaf.  The  excited  leaf  of 
Dionœa  closes  with  extreme  rapidity  (in  a minute  at  the  longest), 
while  the  reopening  may  extend  over  niany  hours  (24—36).  If 
the  leaf  has  closed  on  an  absorbable  substance  it  may  not  reopen 
for  several  days. 

The  whole  inner  (upper)  surface  of  the  leaf  is  sensitive,  yet,  as 
was  said  above,  it  is  chieHy  the  six  hairs  (three  sessile  on  each  lobe) 
which  are  so  strikingly  excitable  that  they  were  long  held  to  be 
the  only  sensitive  part.  Amputation  of  the  petiole,  or  division 
of  the  joint  between  leaf  and  stalk,  does  not  act  as  a stimulus 
unless  the  incision  reaches  the  lower  border  of  the  mid-rib  of 
the  leaf,  wliere  the  vertical  rows  of  excitable  parenchyina  cells 
are  situated  beneath  the  epidermis  of  the  upper  surface.  Am- 
putation of  the  marginal  bristles  is  eqnally  ineffective.  On  the 
otlier  hand,  incision  of  the  lobe  at  any  point  induces  closure. 

Slight  pressure  has  no  effect  upon  the  upper  surface  of  the 
lamina,  wliile  stronger  pressure,  as  well  as  stroking  with  a pointed 
needle,  discharges  an  excitatory  movement.  The  lower  surface 
is  totally  insensible  to  ail  these  stiniuli.  Only  the  upper  layer  of 
the  parenchyina  of  the  lobe  and  mid-rib  is  therefore  excitable 
and  conductive,  agreeing  with  the  fact  that  the  hairs  (which  are 
not  intrinsically  excitai  de)  are  sessile  upon  tlie  cônes  of  excitable 
parencliyina  cells  that  break  through  the  cqndermis,  and  act  upon 
these  sometliing  aller  the  nianner  of  a lever  (cf.  taste-hairs  of 
certain  animais).  Eacli  hair  can  be  shorn  away  from  apex  to  base 
with  sliarp  scissors  witlioiit  evidiing  any  excitatory  movement. 
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till  the  cone-like  protubérance  of  the  parenchyina  of  the  lobe  is 
reachecl,  wheii  tbe  contact  at  once  causes  the  leaf  to  fold  together. 

Aloncr  witli  these  inechanical  irritants  we  inust  include  the 

O 

abstraction  of  water,  as  a stimulus  to  the  excitable  parenchyina 
at  the  hase  of  tlie  li^ii’-  Ikirwin  (9)  found,  on  placing  the  leaves 
of  Dionœa  in  concentrated  solution  of  sugar,  or  even  on  applying 
a single  drop  to  an  excitable  hair,  that  the  laniinæ  closed  up 
iinmediately.  Munk  ohserved  the  saine  efîect  with  alcohol 
and  concentrated  sait  solution,  and  again  when  the  plants  were 
exposed  to  rapid  évaporation  in  dry  air. 

The  movenients  of  the  leaf  of  Dionœa,  like  ail  movements  of 
plants,  are  due  to  processes  that  cannot  be  compared  with  the 
contraction  phenomena  of  muscle,  or  with  any  true  contractile 
tissue.  They  are  much  rather  spécial  instances  of  cell  co-ordina- 
tion, depending  on  quite  different  inechanical  principles.  The  iiiost 
characteristic  type  of  plant-movement  is  the  well-known  Mimosa 
imdica.  Each  leaf-stalk  of  the  “sensitive  plant”  bears  four 
secondary  pétioles,  provided  in  their  turn  with  two  rows  of 
leallets.  During  the  day  the  principal  stalk  is  erect,  the  second- 
ary pétioles  heing  spread  ont  like  the  fingers  of  a hand.  The 
single  leaflets  are  expanded  into  a smooth  surface.  At  night  the 
leaves  sink  down,  the  secondary  pétioles  are  folded  together,  and 
the  leaflets  stand  up,  so  that  the  inverted  surfaces  are  in  contact. 
Tins  change  of  position  in  ail  the  leaves  can  he  induced  in  the 
day-tinie  also  liy  violently  shaking  the  plant,  or  hringing  it  into 
an  atmosphère  of  chloroform  or  ether  vapour.  Locally,  ho\vever, 
or  within  a limited  tract,  the  sanie  effects  occur  on  mechanically 
exciting  the  single  leaflets  (hy  touching,  pricldng,  cutting),  par- 
ticularly  at  the  point  where  tlie  principal  leaf-stalk  is  attached 
to  the  stem.  Here  there  is  a cushion  {pulvinus),  which  is  sinii- 
larly  developed  at  the  hase  of  the  second  and  third  pétioles.  In 
every  case  an  excitatory  movenient  is  discharged  only  on  touching 
the  under  side  of  the  swelling  at  the  joint,  while  the  iqiper  surface 
is  almost  entirely  noii-excitahle. 

Anatomical  investigation  of  one  of  these  swellings  shows  it  to 
1)6  traversed  liy  a vascular  liundle  with  a layer  of  very  succulent 
cells  hetween  the  hiindle  and  the  green  cortex  ; these  cells  are 
tolerahly  tliick-walled  upon  the  upper  (insensitive)  side  of  the 
joint,  while  on  the  lower  side  tlie  walls  are  comparativcly  slender. 
Un  hisecting  the  swelling  transversely,  a funnel  appears  on 
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either  side  (as  was  pointed  ont  by  Brücke,  10);  tliis  is  due  to  an 
initial  tension  in  the  living  plant  between  the  succulent  cells  of 
the  pulvinus  and  the  vascular  bundle,  “ so  that  on  cutting  tlirough 
it  the  cellular  portion  tries  to  expand  in  the  direction  of  the  long 
axis,  while  tlie  central  vascular  bundle  cannot  lengthen  beyond 
its  original  proportions.  It  may  be  coinpared  with  an  inexten- 
sible wire  drawn  througli  a piece  of  gutta-percha,  and  screwed 
against  the  end  of  it  with  a nut  ” (Brücke).  This  may  occur 
when  a leaf-stalk  changes  its  position,  tension  lieing  raised  in 
the  upper  half  of  the  swelling,  or  diminished  in  the  lower. 

It  is  easy  to  prove  that  the  second  alternative  invariably 
occurs  in  excitation.  On  comparing  the  colour  of  the  excitable 
under  surface  of  a pulvinus  before  and  after  stimulation,  a strik- 
ing  différence  is  apparent.  Before  excitation  it  is  light  green, 
afterwards  it  is  a darker  colour.  There  can  be  no  doubt  that 
this  change  is  due  solely  to  the  discharge  of  fluid  from  the  cells 
into  the  large  intercellular  spaces  previously  filled  with  air,  and 
obviously  there  must  be  extension  and  relaxation  of  the  layers 
of  tissue  involved  in  the  process.  The  fact  that  any  excitation 
of  the  under  side  of  the  motor  organ  (cushion)  of  Mimosa,  how- 
ever  scrupulously  localised,  discharges  water  from  ail  cells  of  the 
parenchyma,  testifies  to  the  propagation  in  ail  other  cells  of  tlie 
under  surface,  of  certain  alterations  of  protoplasm  in  the  cells 
directly  excited,  which  resuit  in  the  discharge  of  water.  Bfeffer, 
indeed,  saw  the  darker  colour  spreading  “ like  lightning  ” from  the 
point  excited.  Thus  within  the  pulvinus  itself  there  is  con- 
ductivity  of  excitation  from  cell  to  cell. 

Still  more  striking,  however,  is  the  fact  that  the  stimulus  can 
l)e  transmitted  over  large  tracts,  and  even  to  the  most  reniote 
parts  of  the  plant.  The  external  features  of  this  phenomenon 
are  so  well  known  that  it  is  superHuous  to  dilate  on  them,  but 
tlie  corrélative  internai  processes  must  be  briefly  referred  to. 
The  account  giveu  by  Haberlandt  (11)  in  his  treatise  on  the 
“ sensitive  plant  ” will  be  followed  substantially. 

Dutrochet  (12)  endeavoured  to  détermine  whicli  ])arts  of  the 
plant  served  to  transmit  the  excitation.  He  showed  that  the 
cortex  was  not  involved,  by  paring  away  a ring  of  it,  when  the 
conductivity  of  the  twig  remained  unaffected.  So,  too,  on  re- 
moving  the  pitli.  Tlie  wood  alone  was  involved,  without  excep- 
tion, or  more  correctly  the  fibro-vascular  System  (bast  and  vessels). 
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Dutrochet  also  pointed  ont  tliat  the  transmission  of  excitation 
depended  on  the  moveinent  of  tlnid  contained  in  tlie  condncting 
éléments.  Tins  view  was  subsequently  confirmed  by  the  experi- 
inents  of  Meyen  (13),  Sachs  (14),  and  Pfeffer  (15).  Meyen 
observed  that  a drop  of  fluid  was  exnded  on  cutting  the  stalk  of 
Mimosa,  immediately  before  the  excitatory  movement  of  the  leaf. 
Tins  drop  of  flnid,  which  starts  ont  instantaneonsly  if  tlie  leaf  or 
stalk  of  Mirtiosa  is  wounded,  has  been  an  important  factor  in 
uearly  ail  the  proposed  explanations  of  conductivity,  and  formed 
the  basis  of  the  “ physical”  theory.  Sachs  {l.c.  p.  482)  concludes, 
from  the  rapid  exudation  of  a drop  of  water  from  the  incised 
wood,  that  the  flnid  in  the  flbro-vascular  bundles  stands  at  very 
high  pressure  in  a sensitive  mimosa,  the  excitable  pareil chyma 
cells  of  the  lower  half  of  the  pnlvinns  being  also  in  the  highest 
deo'ree  turgescent.  “ The  water  thus  tends  on  the  one  hand  to 

O O 

exude  from  the  endosmotically  over-fllled  cells  of  the  pnlvinns, 
and  on  the  other,  to  penetrate  them,  on  acconnt  of  its  high 
pressure  in  the  woody  bnudle.”  In  the  nnexcited  plant  these 
pressures  are  at  eqnilibriuni.  Incising  the  stalk  disturbs  the 
balance,  the  water  in  the  wood  migrâtes  towards  the  wound, 
pressure  diminishes,  and  the  water  fllters  ont  of  the  highly 
turgescent  excitable  parenchyma  of  the  pnlvinns  into  the  walls 
of  the  cells.  Here  it  follows  the  direction  of  diminishing  tension, 
and  flows  towards  the  woody  bundle  of  the  axial  cord.  The 
excitatory  movement  appears  along  with  the  diminished  turgor  of 
the  lower  portion  of  the  pulvinus. 

From  tins  point  of  view  the  true  excitable  cells  are  found  in 
the  parenchyma  of  the  lower  side  of  the  pulvinus  only,  where 
any  stimulus  reuders  the  plasma  permeable  to  water,  which  then 
fllters  through  the  cell-membrane  into  the  intercellular  spaces. 
The  relation  hetimen  distant  pidvini  would  thus  he  purely  physical, 
caused  by  the  tension  of  a constant  mass  of  water  in  the  woody 
parts  of  the  plant.  There  is,  however,  another  alternative,  which 
may  seem  a priori  the  more  probable.  Excitable  cells  maij  hc 
présent  in  the  vascidar  hundles  also,  and  propagate  the  stimulus 
from  joint  to  joint.  This  theory  flnds  substantial  confirmation 
in  the  discoveries  of  Tangl,  Eussow,  and  Gardiner  {Art.  d.  'bot. 
Inst,  m Würzburg,  iii.  1884)  in  référencé  to  the  connection  of 
adjacent  cell-bodies  by  fine  protoplasmic  threads.  Such  a con- 
nection was  actually  found  to  exist  between  the  cells  of  the 
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excitable  pareiicliyiiia  of  tlie  pulviiius,  and  it  was  natural  to 
assume  similar  bridges  between  the  latter  and  the  cells  of  tlie 
conducting  vascular  bundles.  The  effect  of  local  narcosis  (etlier 
or  chloroforni)  offered  a simple  means  of  deciding  the  question. 
Claude  Bernard  pointed  out  that  the  excitability  of  Mimosa  can 
be  temporarily  abolished  by  éthérisation.  If  tins  is  true  of  the 
excitable  parenchyma  of  the  cusliion,  it  may  be  conjectured  that 
the  excitable  cells  of  the  vascular  bundles  will  exhibit  the  saine 
reaction.  The  transmission  of  excitation  should  be  abolished  by 
local  narcosis.  But  the  experiments  undertaken  by  Pfeffer  (15) 
pointed  to  the  contrary  resuit.  Wheii  the  central  portion  of  a 
secondary  petiole  was  treated  with  chloroforni  or  ether,  an  injury- 
stimulus  was  always — a mechanical  stimulus  sometiines — trans- 
mitted  over  the  narcotised  area.  Pfeffer  therefor'e  concluded  “that 
migration  of  water  is  the  sole  cause  of  the  propagation  of  a stimulus. 
This  movement  of  water  takes  place  in  the  vascular  bundles.  If 
excitation  is  produced  by  incision  of  a vascular  bundle,  so  that 
fiuid  exudes  from  the  wound,  the  disturbance  of  erpiilibrium  in 
the  water  distributed  in  the  bundle  dépends  upon  ahstraction  of 
water.  If,  on  the  otlier  hand,  excitation  is  by  a mechanical 
stimulus,  a certain,  albeit  inconsiderable,  quantity  of  fluid  passes 
out  of  the  excited  parenchyma  of  the  joint  into  the  vascular 
bundle  ; migration  is  due  to  the  addition  of  water  ” (Pfeffer, 
l.c.  p.  315).  In  either  case  Pfeffer  refers  the  propagation  of 
the  stimulus  from  vascular  bundle  to  excitable  parenchyma  of 
pulvinus,  and  vice  versa,  to  the  migration  of  water.  The  dis- 
turbance of  equilibrium  is  transmitted  to  the  innermost  layers 
of  the  parenchyma,  immediately  adjacent  to  the  bundle, 
where  it  acts  “ as  a mechanical  stimulus,”  and  discharges  the 
movement. 

Furtlier  confirmation  of  this  theory  appears  in  the  observa- 
tions of  Haberlandt.  He  finds  that  excitation  in  Mimosa  is  pro- 
pagated  even  over  dead  tracts  of  the  petiole,  destroyed  by  scalding. 
If  this  were  entirely  the  case,  it  would  be  conclusive  evidence 
that  the  conductivity  of  Mimosa  dépends  not  upon  a connected 
System  of  excitable,  or  conductive,  cells  in  the  vascular 
bundle,  but  upon  a disturbance  of  hydrostatic  equilibrium  due  to 
the  injury,  and  transmitted  indifferently  over  the  dead  zone  of 
the  petiole.  Migration  of  sap  would  in  the  saine  sense  lead  to 
conductivity  of  excitation. 
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Haberlandt  localises  tliis  process  iii  certain  funnel-sliaped  cells, 
situated  in  tlie  leptoma  of  tlie  vascnlar  bundle  (soft  bast)  ; tlie 
structure  of  these  cells  is  so  far  reniarkable  tliat  eacli  transverse 
Wall  bears  a single  large  pit,  closed  by  a porous  membrane,  and 
traversed  by  plasma  tbreads  from  tlie  adjacent  cells.  Altbongh 
these  “conducting”  cells  are  in  juxtaposition  witli  the  ring  of 
collenchyma  which  surrounds  the  central  bundle  of  the  pnlvinus 
(the  cells  of  which  are  again  connected  by  plasma  bridges  with 
those  of  the  conducting  parenchyma),  Haberlandt  refuses  to 
admit  any  direct  connection  between  the  conducting  cells  and 
the  collenchyma.  There  inust  thus  be  two  Systems  of  cells, 
functionally  co-ordinated,  but  not  in  direct  conducting,  i.e.  plas- 
matic,  connection. 

Haberlandt’s  theory  assumes  a very  high  hydrostatic  pressure 
of  sap  in  the  intact  conducting  cells  of  the  leptoma,  which  gives 
elastic  tension  to  the  longitudinal  walls  of  the  conducting  cells  ; 
the  resulting  wall  tension  represents  the  immédiate  source  of 
pressure  which,  on  injury  to  the  conducting  System,  causes  a 
movement  of  the  sap  towards  the  seat  of  the  sudden  diminution 
of  pressure.  Clearly  this  can  only  be  possible  on  the  supposition 
of  a filtration  of  sap  from  withiu  the  cell,  through  the  intact 
cross-walls  of  the  adjacent  cells.  And  this  entails  the  further 
and  somewhat  improbable  assumption  that  the  plasmatic  layer 
covering  the  pit  must  invariably  be  penneable,  in  a high  degree  ; 
for  thus  only  is  it  possible  that  the  conducting  cells  should 
act  as  a System  of  fused  and  communicating  hollow  spaces. 

The  next  point  is  the  mode  in  which,  under  the  above 
presumptions,  the  flow  of  water  within  these  funnel-cells  can  act 
as  a stimulus  upon  the  excitable  parenchyma  of  the  pnlvinus. 

Haberlandt  refers  the  propagation  of  the  stimulus  entirely  to 
alterations  of  form  and  volume  in  the  conducting  tissue  or  excitable 
parenchyma,  corrélative  with  variations  of  pressure.  “When,  in 
consecpience  of  injury  to  stem  or  petiole,  there  is  a sudden  fall  of 
turgor  from  the  adjustment  of  différences  of  liressure  in  the  con- 
ducting cells  bordering  on  the  collenchyma  ring  of  a joint,  the 
contracting  walls  of  these  cells  (which  are  diminishing  in  dianieter) 
exert  a powerful  traction  on  the  adjacent  collenchyma.  Owing 
to  the  pliability  of  the  latter  this  tug  is  easily  transmitted  through 
the  ring  (which  is  2—3  layers  deep)  to  the  most  internai 
layer  of  the  excitable  parenchyma.  If  the  mechanical  force  of 
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tlie  traction  corresponding  witli  a siiigde  impact  is  sufficient,  an 
excitatory  movement  will  be  discharged,  and  tlie  cells  contract- 
iug  from  loss  of  water  stimulate  ail  the  other  excitable  cells  of 
the  joint  by  ineans  of  the  pull  they  exert  ” (Haberlandt,  l.c. 
p.  53).  It  is  still  barder  to  explain  tlie  niecbanism  by  wbicli 
a stimulus  is  propagated  from  the  relaxed  parencbyma  of  the 
curving  pulvinus  to  tlie  excitable  parencbyma  of  an  adjacent 
joint,  after  a single  mecliauical  stimulus,  or  with  cliemical  or 
thermie  excitation.  In  tliis  case  the  pressure  associated  witli 
the  relaxation  of  the  excitable  half  of  the  joint,  and  resulting 
curvature,  could  alone  effect  a possible  disturbance  of  hydrostatic 
equilibrium  in  the  conducting  System,  adéquate  for  the  trans- 
mission of  a stimulus.  And  when  Haberlandt  compares  the  re- 
sulting movement  of  the  sap  “ to  that  within  an  india-rubber  tube 
containing  water  at  a given  hydrostatic  pressure,  in  which  increase 
of  pressure  at  any  point  is  propagated  in  the  form  of  an  undulatory 
wave  from  one  end  of  the  tube  to  the  other,”  the  anatomical 
relations  of  the  conducting  cells  liardly  seem  to  justify  such  a 
presumption.  The  experiments  on  the  conductivity  of  Mimosa 
would  hâve  to  be  scrupulously  repeated  before  forming  any  final 
judgment,  and  the  galvanic  efi'ects  of  excitation  might  prove  a 
convenient  instrument  for  further  investigation. 

However  this  may  be,  it  is  in  other  cases  certain  that  con- 
ductivity dépends  upon  excitation  of  the  plasma  of  the  connected 
cells  : and  this  niust  be  true  of  Bionœa. 

As  in  Mimosa,  the  visible  excitatory  movements  are  eüected 
by  migration  of  water,  and  the  normal  position  of  the  non- 
excited  leaf  is  the  resuit  of  equilibrium  between  two  forces, 
one  of  which  tends  to  close  the  leaf,  the  other  to  open  it.  The 
cells  of  the  upper  surface  of  the  resting  (open)  leaf  are  higlily 
turgescent,  like  those  of  the  under  side  of  the  pulvinus  in 
Mimosa.  If,  as  was  observed  by  Munk,  we  picture  the  cushion 
of  the  primary  leaf-stalk  of  Mimosa  as  fiattened  ont  superficially, 
with  the  characteristic  veins  in  place  of  the  wood-mass,  we  hâve 
physiologically  a lobe  of  Bionœa,  save  that  the  excitable  side  is 
turned  downwards  ; while  if  two  such  altered  pulvini  are  imagined, 
so  connected  at  a right  angle  that  the  excitable  parencbyma  of 
the  swellings  is  uninterrupted  at  the  point  of  junction,  the  entire 
leaf  is  practically  before  us. 

The  upper  layer  of  cells  exerts  pressure  upon  the  lower,  so 
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that  tlie  equilibrimn  is  balauced  as  follows  : on  tlie  lower  side  tlie 
compressed  tissue  eudeavours  to  extend  itself  and  to  increase  its 
lengtli  ; on  tlie  npper  there  is  a marked  turgescence,  counteracted 
by  the  elasticity  of  tlie  cell-membranes  winch  tend  to  contract 
npon  tlieinselves.  Wlien,  in  conséquence  of  excitation,  water  is 
discliarged  froin  tlie  cells  of  the  npper  surface,  the  equilibrium  is 
disturbed  (Batalin,  16),  and  a new  state  induced,  characterised  by 
an  actual  relaxation  and  shortening  of  the  npper  layers.  This 
caunot,  even  in  the  closed  leaf,  ainount  to  perfect  equilibrium, 
silice  it  is  liindered  by  the  contact  of  tlie  lobes  in  juxtaposition. 

This  is  plainly  seen  from  the  fact  that,  after  cutting  off  one 
lobe  near  the  mid-rib,  the  other,  in  its  excitatory  moveinents, 
is  jerked  far  beyond  the  position  it  occupied  in  the  closed  and 
uninjured  leaf.  Hand  iii  hand  with  the  shortening  of  the  npper 
layers  at  closure,  there  is  a corresponding  lengthening  of  the 
lower,  so  that  each  lobe  passes  from  downward  to  upward  con- 
cavity.  On  opening  the  leaf,  the  reverse  processes  occur.  The 
previously  relaxed  and  diminished  cells  of  the  upper  parenchyma 
swell  ont  as  turgor  increases,  and  recover  their  former  tension. 
According  to  Darwin’s  measurements,  the  shortening  of  the  upper 
layers  in  a lobe  10  mm.  broad  reduces  it  to  0‘6  mm.  only. 
This  is  niost  obvions  when,  after  taking  away  one  half  of  a leaf, 
two  points  are  marked  on  both  upper  and  lower  surface  of  the 
other  half,  and  a movement  excited  ; the  distance  of  the  marks 
alters  in  an  opposite  direction. 

Along  with  these  excitatory  movements  of  tlie  leaf  of  Bioncm 
(as  also  of  Mimosa)  there  are  very  striking  electromotive  effects, 
which,  as  was  said  above,  were  first  recognised  by  Burdon- 
Sanderson  to  be  a “ négative  variation.”  As  the  resuit  of  his 
first  observations  lie  communicated  the  following  propositions  : 

{a)  If  the  leaf  is  laid  on  the  électrodes,  so  that  the  normal 
current  is  mauifested  on  leading  off  from  both  ends  of  the  leaf 
by  a deflection  of  the  niagnet  to  the  left,  and  a üy  is  then  niade 
to  creep  on  to  it,  the  needle  will  swing  to  the  right  at  the 
moment  when  the  fly  reaches  the  interior  of  the  leaf,  and  touches 
the  sensitive  hairs  of  the  upper  surface,  the  leaf  closing  over 
the  hy  at  the  same  moment. 

{h)  After  the  fly  has  been  captured,  the  needle  swings  to  the 
right  each  time  that  it  makes  a movement. 

(c)  The  sanie  sériés  of  manifestations  occurs  if  the  sensitive 
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haii’S  are  touclied  with  a fine  brusli,  or  if  two  platinum  électrodes 
are  plunged  downwards  into  the  leaf,  and  lead  in  the  carrent  from 
an  induction  coil.  The  phenoinena  vary  according  as  the  leaf 
is  stiinulated  at  different  parts  of  its  upper  surface.  Excitation 
of  the  centre  appears  to  he  the  niost  effective,  being  followed  by 
a négative  variation  after  an  iuterval  of  sec. 

Munk,  on  leading  off  from  the  two  ends  of  the  mid-rib  on 
the  lower  surface  of  the  leaf,  without,  or  even  with,  compensation 
of  the  current  flowing  from  base  to  apex,  invariably  observed  a 
diphasic  variation,  i.e.  a positive  preceded  by  an  initial  négative 
variation,  and  this  is  equally  the  case  when  ail  visible  excitatory 
movement  of  the  leaf  is  wantiug.  Sometimes  Munk  even  saw  a 
positive  effect  before  the  initial  négative  phase,  resulting  in  a 
complicated  triphasic  variation  ; this  only  appeared  when  the 
excited  leaf  exhibited  an  actual  movement.  When  there  was 
at  first  no  différence  of  potential  between  the  two  leading -off 
points,  the  diphasic  variation  still  appeared  with  excitation,  the 
mirror  moving  rapidly  in  the  direction  of  an  ascending  current, 
and  then  giving  a much  weaker  deflection  in  the  opposite  direc- 
tion. On  leading  off  from  two  points  of  the  under  surfaee  of 
the  leaf,  taken  on  the  same  “ transverse  line,”  médian  to  the 
“ principal  longitudinal  line,”  the  excitation  either  produced  a 
pure  positive  variation,  or  at  most  gave  a trace  of  initial  nega- 
tivity.  Ail  these  electrical  processes  fall  mainly  witliin  the 
mechauical,  and  easily  detected,  latent  period,  ix.  the  interval 
between  the  moment  of  excitation  and  beginning  of  the  final 
movement  of  the  leaf.  From  the  standpoint  of  Munk’s  theoretical 
construction  of  the  leaf  of  Dionœa  ont  of  electromotive  éléments 
(“  peripolar  ” cells),  there  are  three  alternative  explanatious  of  the 
two  successive  and  opposite  phases  of  which  each  variation 
consists  ; and  these  are  so  closely  interwoven  with  the  tacts 
actually  observed  by  Munk,  that,  as  Burdon-Sanderson  bas 
poiuted  ont,  it  is  exceedingly  difficult  to  separate  observation 
from  theory. 

(1)  In  the  diphasic  variation,  as  in  the  diphasic  action  current 
of  nerve  and  muscle,  the  electromotive  éléments  at  the  two 
contacts  may  not  be  sinuiltaneously  affected  by  the  exeitatory 
change  (négative  vfiriation  of  KM. F.);  (2)  the  éléments  may 
ail  be  affected  siinultaneously,  and  in  the  same  direction — 
which  would  be  opposite  in  the  two  phases;  or  (3),  as  IMuiik 
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proposes  to  the  exclusion  of  the  first  two  alternatives,  there  may 
be  two  different  kinds  of  electroinotive  éléments,  whicli  are 
affected  in  opposite  directions  by  excitation,  the  variation 
reachiim  its  maximum  in  one  set  later  than  in  the  otlier. 

O 

“ In  conséquence  of  excitation,”  says  Munk,  “ the  cells  of 
the  upper  parenchymatous  layer  of  the  leaf  and  upper  mid- 
rib  uudergo  a négative,  those  of  the  under  layer  and  under 
mid-rib  a positive,  variation  ; i.e.  the  negativity  of  the  middle 
of  the  cells  to  their  pôles  diminishes,  in  conséquence  of  excitation, 
in  the  first-named  cells,  and  increases  in  the  second.  These 
changes  must  be  propagated  from  the  seat  of  excitation  through 
the  entire  cell-mass  with  great  rapidity,  in  a period  that  is  small 
in  comparison  with  the  duration  of  the  process  in  the  single  cells, 
since  otherwise  différences  in  electrical  manifestations  could  not 
fail  to  appear  according  to  the  seat  of  the  stimulus.”  Munk 
therefore  believes  the  electrical  process  to  be  for  practical  purposes 
simuUaneous  in  ail  the  cells  affected,  which — in  so  far  as  the 
transmission  is  plasmatic — is,  in  view  of  the  very  low  rate  at 
which  excitation  is  propagated  in  vegetable  protoplasm,  in  itself 
highly  improbable.  But  as  a matter  of  fact,  Munk’s  fundamental 
theory  of  the  peripolar  antivity  of  the  cells  of  the  leaf-parenchyma 
hardly  calls  for  contradiction,  since  it  is  modelled  upon  Du  Bois’s 
molecular  theory,  applying  it  to  visible  éléments,  of  which  the 
structure  and  function  are  a priori  exclusive  of  any  such  con- 
ception. It  is  a purely  arbitrary  presumption  to  regard  the 
centre  of  the  cells  involved  as  permanently  négative  to  the  two 
ends,  and  is  indeed  impossible  where  the  plasma  exhibits  any 
streaming  movements. 

The  later  investigations  of  Burdon-Sanderson  (17)  hâve 
reudered  these  phenomena  more  intelligible. 

In  order,  froni  the  outset,  to  exclude  the  excitatory  move- 
ments of  the  leaf,  the  two  lobes  were  fîxed  in  plaster  of  Paris 
attached  to  the  ends  of  the  mid-rib,  while  a strip  of  dry  wood 
was  further  fastened  with  gypsuin  between  the  two  edges  of 
the  lamina  to  the  marginal  bristles  (Fig.  142).  A favourable 
température  (32°— 35°  C.)  was  maintained,  and  the  plant  kept  in 
a moist  chamber. 

As  regards  electromotive  action  during  rest,  the  important 
fact  appears  in  contradiction  to  the  earlier  conclusions  of  Munk, 
that  in  an  overwhelming  majority  of  cases  the  two  opposite 
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surfaces  of  eacli  lobe  of  tlie  leaf,  exterual  and  internai  (or  upper 
and  lower),  give  a different  electrical  reaction,  so  that  on  leading 
ofî  from  opposite  points  of  tlie  upper  and  lower  surface,  there  is 
found  to  be  current,  either  so  that  tbe  latter  is  positive  to  the 
former  (whicli  Burdon-Sanderson  at  first  beld  to  be  normal)  or 
vice  versa.  The  degree  of  positivity,  and  corresponding  magnitude 
of  P.D,  and  of  the  leaf-current,  in  the  lîrst  case,  dépend,  as  soon 
appears,  essentially  upon  the  physiological  state  of  the  leaf,  and 
above  ail  upon  the  préviens  excitation. 

If,  after  compensating  the  current  of  rest,  mechanical  or 
other  stiimüi  are  sent  in  moderately  rapid  succession  into  a leaf 
of  which  the  under  surface  is  already  positive,  there  is  without 
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exception  a marhed  rise  of  positivity  in  the  excited  surface.  It 
is  only  by  degrees,  during  the  subséquent  period  of  rest,  that  the 
current  diminishes,  until  with  the  saine  lead-off  there  is  complété 
isoelectricity,  and  finally,  as  lias  been  said,  a current  in  the 
opposite  direction,  corresponding  with  negativity  of  the  under 
(external),  and  positivity  of  the  upper  (internai),  surface  of  the 
leaf — a state  which,  accordiiig  to  Burdon-Sanderson’s  later  observa- 
tions, must  be  regarded  as  normal  in  the  leaf  which  lias  remained 
a long  tinie  unexcited.  In  this  instance  the  leaf-current  must,  in 
regard  to  the  internai  surface,  be  regarded  as  outgoing. 

Excitation  in  such  a case  is  naturally  followed  by  the 
opposite  alterations,  as  in  an  initially  iugoirig  leaf-current  : the 
positive  upper  surface  becomes  suddenly  négative  to  the  lower 
surface,  so  that  the  leaf-current  is  once  more  ingoing.  It  should 
also  be  remarked  that  the  lower  surface  of  the  leaf  is  the  less 
positive  and  more  négative,  in  proportion  with  the  time  that  lias 
elapsed  since  the  last  excitation.  The  current  of  rest,  on  the 
contrary,  is  at  ail  times  dépendent  on  the  previous  excitation  of 
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the  leaf,  aud  must  witli  au  iiigoiiig  direction  be  regai’ded  in  a 
certain  sense  as  its  after-effect. 

Under  tliese  conditions  it  is  clear  tliat  tlie  manifestations  of 
excitation  must  be  stndied  before  the 
State  of  rest.  In  leading  off  from  the 
upper  and  lower  surface  of  a lobe,  one 
unpolarisable  electrode  beiug  situated 
betweeu  the  three  sensitive  hairs,  the 
other  directly  opposite  on  the  lower 
(external)  surface,  and  then  exciting 
the  other  lobe  of  the  leaf  mechanically 
or  electrically  (as  in  Fig.  143),  a diphasic  variation  appears 
each  time,  as  can  easily  be  photographed  with  the  capillary 
electrometer  (Fig.  144). 

In  the  case  of  a leaf  “ modified  ” by  previous  excitation, 
where  the  lower  surface  is  already  positive  to  the  upper,  the 
current  is  in  the  first  place  reversed  shortly  after  stimulating, 
the  lower  surface  becomiug  rapidly  négative.  After  about  half 


Fio.  144.— Pliotograpliio  record  of  the  variatiims  of  an  iiigoing  leaf-current,  wlien  one  lobe  is 
electrically  excited.  The  interruptions  of  the  black  line  correspond  with  breaks  in  the 
priniary  circuit  of  the  induction-apparatus.  Interval  between  the  excitations  about  5 secs. 
Rapidity  of  plate  about  1 cm.  in  2 secs.  (Burdon-Sandersou.) 

a second  this  phase  will  hâve  reached  its  maximum,  and  a 
second  (somewhat  slower)  and  opposite  phase  sets  in,  which  is, 
however,  less  marked,  and  reaches  its  maximum  in  about 
sec.  after  excitation.  This,  as  shown  by  the  photogram, 
decreases  very  gradually,  and  loses  itself  in  the  after-effect 
described  above,  which  is  characterised  by  increased  positivity 
of  the  lower  surface  of  the  leaf  ; it  follows  that  the  second  phase 
is  distinct  in  the  Jirst  excitation  only,  those  immediately  subsetpient 
producing  merely  a simple,  monophasic  variation.  A long  interval 
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is  required,  in  wliicli  the  positivity  of  the  lower  surface  diminishes 
slowly,  before  the  second  phase  again  appears  distinctly.  The 
stronger  the  positivity  of  the  lower  surface  ah  initia,  the  less 
can  it  he  increased  by  excitation  of  tlie  leaf,  and  conversely, 
the  plainer  will  he  the  priniary  opposite  variation. 

In  an  unmodified  leaf  with  outgoing  leaf-current  (Burdon- 
Sanderson’s  “descending”  carrent),  the  variation  conséquent  on 
excitation  is  again  found,  on  leadiug  off  from  opposite  points  of 
the  respective  surfaces,  to  he  diphasic.  The  first  “entering”  phase 
(ascending  in  the  leading-off  circuit),  which  lasts  about  a second, 
and  in  which  the  upper  and  previously  positive  leaf-surface 


Fig.  145. — Photograni  of  the  variations  of  an  ontgoing  leaf-cnrrent,  on  exciting  one  lobe  aiul 
leading  off  from  the  other  (cf.  Fig.  143).  10  divisions  of  the  time-inarking  correspond  to  1 sec. 
(Burdon-Sanderson.) 


suddenly  hecomes  négative,  is  often  preceded  hy  a inomentary 
alteration  in  the  oppo.site  direction,  as  shown  in  Fig.  145. 
Here  again  the  opposite  (outgoing  or  descending)  “ after-effect  ” 
(second  phase)  only  appears  plainly  in  the  first  excitation,  and 
owing  to  its  very  slow  décliné  is  wantiiig  in  those  that  iinmediately 
succeed  it. 

Tlie  inost  important  conclusion  from  these  observations  is 
that  the  leaf  of  Dionœa  is  excitable  in  hoth  the  unmodified  and 
the  modified  condition,  independent  of  the  direction  of  the  rest 
curreut,  save  that  the  galvanic  effects  of  excitation  are  reversed 
pari  passa  with  the  reversai  of  the  carrent  of  rest. 

It  is  évident  that  the  “ modifications  ” of  the  leaf-current 
conséquent  on  repeated  excitation  are  only  the  after-efiect  of  the 
slowly  declining  second  phase  of  the  excitatory  variation.  For 
exact  measurements  of  time,  as  well  as  of  the  E.M.F.  of  the  varia- 
tion, Burdon-Sanderson  enqiloyed  a iiendulum  myograph  arranged 
as  a rheotome,  which  in  swiiiging  past  opened  three  keys  in  suc- 
cession (Fig.  146).  Opening  Kl  caused  a “break”  induction 


VI 


ELECTROMOTIVE  ACTION  IN  VEGETABLE  CELLS 


23 


shock  (0‘1  sec.  after  liberating  the  penduluin)  ; opeiiiiig  K2  un- 
bridged  the  galvaiiometer  circuit,  which  was  broken,  hnally,  by 
opening  Ko.  The  distance  between  Kl  and  K2,  as  also  between 
K2  and  K3,  is  variable.  We  shall  retnrn  later  to  the  results  of 
these  experinients  ; here  it  is  sufficient  to  note  that  Burdon- 
Sanderson,  with  the 
help  of  the  coinpensat- 
ing  inethod,  determined 
the  E.M.F.  of  the  first 
phase  at  about  O’OS 
Dan.,  while  that  of  the 
second  did  not  exceed 
0'82  Dan. 

If  one  or  other  half 
of  the  leaf  is  excited 
by  break  induction 
shocks  (the  électrodes 
being  usually  applied, 

as  in  Fig.  143,  to  opposite  and  approxinmtely  central  points  of  the 
two  leaf-surfaces),  the  coils  of  the  induction  apparatus  must  be 
pushed  tolerably  close  (about  10  cm.)  before  an  effect  is  produced. 
The  direction  of  the  induced  current  is  byno  ineans  immaterial,  since 
the  effect  appears  much  sooner  when  the  current  flows  from  upper 
to  under  surface  than  in  the  opposite  case.  The  sanie  applies  to 
battery  currents  also.  If  a current,  of  moderate  strength,  adéquate 
for  excitation,  is  sent  transversely  through  one  half  of  the  leaf 
in  the  direction  of  upper  to  lower  (ingoing),  it  will  be  found  on 
leading  off  from  the  other  half  that  an  excitatory  variation  of  the 
leaf-current  occurs,  as  a rule,  at  closure  only.  Stronger  currents 
(1  Dan.  to  2 Groves),  on  the  contrary,  excite  on  opening  also, 
and  with  a long  closure  (30  sec.)  produce  as  the  visible  sign  of 
'persintcnt  excitation  a whole  sériés  of  oscillations  of  tlie  leaf-current, 
which  occur  at  irregular  intervals  during  the  passage  of  the  current. 

Summation  of  stimuli  may  also  be  demonstrated  in  the 
iJionœa  leaf,  if  stimuli  (lireak  induction  shocks)  are  used  of  such 
low  intensity  that  a single  shock  is  inadéquate  to  produce  an 
effect,  the  interval  between  the  stimuli  being  less  than  0'4  sec. 
At  O'o  sec.  the  resuit  beconies  uncertain.  This  applies  both  to 
mechanical  and  to  galvanic  effects  of  excitation. 

The  “ modified  ” state  of  the  leaf  in  which,  as  we  hâve  stated. 
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the  uiider  surface  is  positive  to  the  upper,  appears  uot  only  in 
conséquence  of  quickly  repeated  mechanical  or  electrical  excita- 
tions, but  also  as  the  after-effect  of  the  prolonged  passage  of  a 
constant  current.  If  such  a current  is  led  through  a leaf  by 
means  of  non-polarisable  électrodes  at  right  angles  to  its  surface, 
tlie  électrodes,  as  in  certain  polarisation  experiraents  in  muscle, 
serving  simultaneously  to  lead  off  to  the  galvanometer,  there  is 
always,  if  the  galvanometer  circuit  is  closed  immediately  after 
opening  the  exciting  circuit,  an  ingoing  after-current  in  the  leaf, 
directed  froni  above  downwards,  whatever  the  direction  of  the 
polarising  current.  An  exciting  current  homodromous  with  the 
after-current  is,  however,  much  more  effective,  other  conditions 
being  uniform. 

Burdon  - Sanderson  used  a specially  constructed  rheotome 
for  these  experiments,  which  made  only  three  révolutions 
in  the  minute,  and  thus  closed  the  polarising  current  once  in 
2 0 sec.  for  ^ to  sec.  ; after  an  interval  of  sec.  the 
galvanometer  circuit  was  closed  for  ^ sec.  and  the  effect  was 
noted. 

“ If  the  polarising  current  is  comparatively  weak,  the  after- 
eflect  gradually  diminishes,  and  disappears  in  a few  seconds. 
But  if  somewhat  stronger  currents  are  employed,  the  after-effect 
will  only  partially  disappear,  leaving  a permanent  alteration 
{modification)  in  the  electromotive  response  of  the  leaf.”  With 
repeated  closure  of  the  polarising  current  at  regular  intervals  of 
about  20  sec.,  the  modified  State  is  very  quickly  developed,  and 
reaches  considérable  proportions.  “ In  one  leaf,  e.g.,  the  lower 
surface  was  négative  to  the  upper  (P.D.  = 140  degrees  of  coni- 
pensator)  before  the  passage  of  the  current  ; four  excitations 
reduced  the  P.D.  to  zéro,  after  which  the  lower  surface  subse- 
quently  became  positive  to  the  upper,  and  each  excitation  by  the 
current  increased  the  effect,  until  it  reached  320  degrees  of  the 
compensator.” 

As  in  muscle,  secondary  electromotive  manifestations  appear 
as  galvanic  indications  of  the  action  of  the  polarising  current,  in- 
dependent  of  visible  signs  of  activity,  so  here  Burdon-Sanderson 
observed  a modification,  with  currents  so  weak  that  their 
“ make  ” produced  no  trace  of  excitatory  reaction  after  closure. 
The  “ modification  ” tlien  remained  local,  and  was  not  transmitted 
further,  so  that  a lobe  or  part  of  the  sanie  eau  be  afîected 
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without  involving  tlie  surroi;ndiug  tissue.  In  tliis  respect  again 
we  are  reminded  of  the  polar  after-currents  in  muscle. 

It  tlius  becomes  intelligible  tbat,  according  to  the  situation  of 
the  leading-off  points  on  tbe  opposite  surfaces  of  a partially 
“ modified  ” leaf,  the  excitatory  variations  discharged  by  a trans- 
mitted  excitation  may  be  directly  opposite  in  character,  tbe 
dipbasic  variation  in  tbe  modified  tract  presenting  different  signs 
from  tbat  in  tbe  tract  tbat  is  unmodified  (normal). 

Munk,  as  we  bave  seen,  assunied  the  précisé  seat  of  tlie 
excitation  on  the  leaf  of  Dionœa  to  be  without  significance  to 
the  character  of  the  electrical  variation  discharged,  and  concluded 
that  the  propagation  of  the  changes  which  underlie  the  excitatory 
effect  (movemeut)  must  be  so  rapid  that  they  begin,  as  it  were, 
simultaueously  at  ail  points.  Burdon-Sanderson’s  investiga- 
tions show  that  this  theory  (which  is  a priori  improbable 
if  the  excitatory  movements  of  plants  correspond  with  the 
e^ccitation  of  protoplasmic  jDarts)  is  as  a fact  inadecpiate.  It  is 
évident  that  if  the  view  advanced  by 
Munk  were  correct,  there  shonld  be  no 
galvanic  effect  of  excitation  with  a sym- 
nietrical  lead-off  from  upper  or  under 
surface  of  both  lobes,  even  when  one 
skie  only  was  stimulated  (Fig.  147).  A 
variation  under  these  conditions  is  only 
to  be  expected  when  the  activity  of  the 
two  lobes  differs  either  in  des;ree,  or  in  the  moment  of  its  com- 
mencement  ; much  as  an  electrical  P.D.  can  only  occur  between 
two  points  of  a muscle  when  the  physiological  state  of  the  two 
points  is  different,  or  when  the  same  state  is  developed  in  them 
at  different  times. 

And  we  find  experimentally  that  this  method  of  leading  off  is 
invariably  followed  by  galvanic  effects  of  excitation,  as  appears  at 
once  from  the  curves,  Fig.  148,  a,  h. 

Fig.  147  represents  a leaf  led  off  symmetrically  from  the 
under  surface,  and  excited  with  opening  shocks.  The  galvano- 
meter  is  replaced  by  a capillary  electrometer,  the  effects  being 
photographically  recorded.  The  directly  excited  lobe  is  invariably 
at  first  négative,  and  subserpiently  positive  to  tbe  other,  giving 
rise  to  a dipliasic  variation  similar  in  character  to  that  which 
results  011  leading  off  two  jioints  from  tlie  normally  isoelectric 
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surface  of  the  veiitricle.  The  galvanometer,‘Of  course,  shows  the 
same  thing  with  tlie  rheotoine  inethod. 

In  order  rightly  to  interpret  tins  “ diphasic  action  current,” 
it  is  essential  to  détermine  the  rate  at  which  the  excitation 
(?  the  effect  of  stimulus)  spreads  in  the  parenchyma  of  the 
leaf. 

Burdon-Sanderson  used  a pendulum  rheotome  for  tins  purpose, 
with  which  it  is  easy  to  détermine  the  time  between  the  moment 
of  excitation  and  commencement  of  the  conséquent  electrical 
variation  of  the  leaf-current.  This  current  was,  as  before,  led  off 
from  the  middle  of  the  opposite  surfaces  of  a lamina.  In  a 
preliminary  sériés  of  experiments,  the  exciting  électrodes  were 
placed  on  either  side  of  a leading-off  electrode  on  the  up)p>er 


Fig.  us. 


surface  of  a leaf,  so  that  a straight  line  connecting  the  two  passed 
through  the  leading-off  contact.  The  first  perceptible  trace  of  phase 
I.  of  the  excitatory  variation  generally  appeared  0'041  sec.  after 
the  moment  of  excitation.  If  time  is  required  for  the  spread 
of  the  excitatory  activity,  it  is  évident  that  the  “ latent  period  ” 
must  be  very  much  longer  (with  unaltered  position  of  the  leading- 
off  électrodes)  when  the  stimulus  is  applied  to  the  lobe  that  is 
not  led  off.  That  this  is  so  appears  from  Burdou-Sanderson’s 
experiments,  where  the  interval  between  excitation  and  beginning 
of  the  variation  as  a rule  exceeds  0'073  sec.  Accordingly,  if  we 
estimate  the  distance  between  the  two  points  excited  in  succession 
at  6 mm.,  the  transmission  of  excitation  must  occur  at  about  200 
mm.  per  sec.  (at  a température  of  30°— 32°  C.  in  air  saturated  with 
aqiieous  vapour).  An  even  greater  disparity  between  the  latent 
periods  in  the  two  cases  might  hâve  been  expected,  supposing 
that,  as  in  muscle,  there  were  no  perceptible  latent  period  in  the 
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galvanic  eflects  of  excitation  at  the  actual  point  excited.  Yet  an 
experiinent,  in  whicli  excitation  and  leading-off  are  absolutely 
siinnltaneons,  would  encounter  almost  insnperable  difficnlties,  not 
tlie  least  beiug  to  détermine  exactly  the  real  commencement  of 
the  variation. 

Bnrdon-Sauderson’s  assumption  that  the  electrical  variation 
does  not  coincide  with  the  beginuing  of  excitation,  may  be  met 
witli  the  saine  argnments  that  were  bronght  forward  above,  in 
discussing  the  relations  between  excitation  and  contraction  in 
mnscle.  If  the  galvanic  alteration  is  really  the  expression  of 
the  Chemical  change  induced  by  the  stimnlus,  it  mnst  commence 
simnltaneonsly  with  it,  i.e.  at  the  moment  when  the  stimulus 
takes  effect. 

The  preceding  observations  show  beyond  doubt  that  the 
primary  pliase  of  the  excitatory  variation  accompanies  and  is  the 
direct  conséquence  of  excitation  of  tlic  protoi^asm  of  the  excitable 
2)arenchyma  cells  of  the  leaf — comparable  througliout  its  manifest- 
ation with  the  galvanic  effects  of  excitation  in  excitable  animal 
tissices,  i.e.  the  négative  variation  of  muscle,  nerve,  or  gland 
currents.  It  is  therefore  to  be  expected  that  the  time-relations 
between  the  galvanic  and  mechanical  effects  in  the  leaf  of  Dionœcc 
would  be  similar  to  those  exhibited  in  muscle — always  remember- 
ing  the  different  causes  of  movement  in  the  two  cases. 

In  the  first  place  it  is  évident  that  the  excitatory  variations 
of  the  “ current  of  rest  ” are  quite  independent  of  the  coarsely 
perceptible  movements  of  the  lobe,  and  are  demonstrable 
both  on  the  fixed  and  open  leaf,  and  on  that  which  is  entirely 
closed.  The  next  point,  as  Burdon  - Sanderson  has  correctly 
pointed  ont,  is  to  ascertain  “ whether  the  interstitial  movement 
of  the  fluid  discharged  from  the  cells  on  excitation  (which  in 
ail  excitable  plant-organs  is  the  active  cause  of  the  change  of 
forin)  may  not  occur  without  any  perceptible  cliange  in  the 
curving  of  the  lobe,  no  matter  how  fine  the  means  of  observation 
employed.”  This  entails  the  presumption  that  every  excitation 
implyiug  an  electrical  alteration  must  also  cause  a perceptible 
discharge  of  water  from  tlie  excited  celLs.  That  there  is  further 
a perceptible  interval  between  the  moment  of  excitation  and  the 
conséquent  closure  of  tlie  leaf  of  Dionœa  may  as  a rule  be  verified 
from  direct  observation,  since,  when  the  température  is  not  too 
higli,  the  mechanical  latent  period  is  actually  macroscopie,  e.(j.  at 
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20“  C.,  about  1 sec.  Under  ail  circumstances  tlie  electrical 
variation  long  précédés  tlie  excitatory  inoveiiient. 

For  more  exact  investigation  two  metliods  were  employed  by 
Burdon-Sanderson.  In  the  first  “ a ligbt  straw  lever  was  cemented 
to  two  of  the  marginal  bristles  of  a lobe,  the  opposite  lobe  being 
lîxed  to  a support.  The  lobe  thns  attached  was  mechanically 
excited  in  snch  a way  that  the  time  of  the  exciting  impact  was 
recorded  on  a horizontally-moving  smoked  plate  below  the  curve 
drawn  by  the  lever.” 

In  the  second  method  the  leaf  was  fixed  in  the  saine  way, 
but  a small  mirror  was  cemented  to  the  lower  surface  of  the  free 
lobe,  by  means  of  which  the  image  of  a horizontal  slit  was 
thrown  ou  to  a vertical  scale,  so  arranged  that  the  movement  of 
the  lobe  could  be  exactly  measured. 

The  resuit  showed  that  with  a température  of  15°— 20°  C.  the 
closiug  movement  of  a lobe,  conséquent  on  a single  adéquate  ex- 
citation, lasted  0—6  sec.,  occurring  rapidly  at  first,  and  then  with 
diminishing  speed. 

With  a succession  of  very  weak  mechanical  stimuli  (gentle 
impact  on  oue  of  the  sensitive  hairs),  inadéquate  singly  to 
produce  complété  closure  of  the  leaf,  Burdon-Sanderson  observed 
an  effect  wdiicli  to  sonie  extent  recalled  the  “ staircase  ” of  direct 
muscular  excitation,  the  mechanical  effect  of  the  movement  in 
each  successive  stimulation  being  greater  than  in  those  that 
preceded  it.  This  reaction  must,  however,  be  referred  to  the 
fact  that  the  résistance  of  the  cells  of  the  upper  surface  of  the 
leaf  to  the  closing  movement,  due  to  turgor,  diminishes  with  each 
new  excitation.  “ The  magnitude  of  each  diminution  of  résistance 
produced  by  excitation  grows  with  each  répétition  of  the  stimulus, 
until  the  leaf  finally  closes  together  ” (Burdon-Sanderson). 

It  may  be  assumed  as  certain  that  galvanic  excitatory 
manifestations,  similar  to  those  of  Dionœa,  are  to  be  observed  in 
the  pulvini  of  the  no  less  sensitive  leaves  of  Mimosa.  Un- 
fortunately  there  are,  so  far,  few  observations  on  this  point. 
Kunkel,  who,  as  we  hâve  seen,  found  a strong  “ cnrrent  of  rest  ” 
in  the  cnshion  of  the  primary  leaf-stalk,  the  bristle  being  positive 
to  the  upper  surface  of  the  joint,  observed,  with  the  capillary 
electrometer,  a variation  of  this  cnrrent  (consisting  of  a nnmber 
of  alternating  oscillations)  at  the  moment  when  contact  with  the 
most  excitable  point  of  the  lower  circumference  of  the  pulvinus 
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begins  to  produce  a dowmvard  inovement  of  tlie  petiole.  There 
is  a rapid  preliminaiy  variation,  wliicli  is  sooii  exliausted,  and  is 
followed  immediately  by  a much  more  pronounced  defiectiou  iu 
tlie  opposite  direction.  The  mercury  slowly  returns  from  tlie 
extreme  point  of  tins  last,  and  either  reaches  its  resting-point 
or  exliibits  a variety  of  smaller  and  slower  oscillations. 

Kunkel  was  quite  aware  of  the  difïiculties  of  interpreting 
tliese  complicated  excitatory  variations  from  his  own  tlieory, 
and  was  “ not  disinclined  to  refer  them  to  single  phases  of  the 
active  displacement  of  water.”  He  derived  the  first  rapid 
négative  swing  from  “ alterations  ” of  the  protoplasm,  which 
disturb  the  diffusion-processes  caused  by  the  contact  of  the 
nioist  électrodes,  and  fundamental  to  the  current  of  rest.  The 
large  positive  deflection,  on  the  contrary,  “ expresses  the  main 
displacement  of  water  which  results  in  the  movement  of  the 
entire  leaf  ; the  (négative)  return  corresponds  with  the  restitution 
of  the  organ  to  its  earlier  State.”  Yet,  as  Kunkel  himself 
noticed,  it  must  not  be  forgotten  that  in  Mimosa,  as  in  Dionæa, 
electrical  variations  can  still  be  observed  when,  after  repeated 
excitation,  there  is  no  longer  any  perceptible  movement  of  the  leaf, 
so  that  there  can  hardly  be  any  considérable  displacement  of  water. 

If  we  endeavour,  on  the  basis  of  these  exjieriments  on 
Dionœa,  to  form  any  picture  of  the  possible  causes  of  the  différence 
in  potential  in  the  “ resting  ” state  and  during  artifîcial  excitation, 
it  is  in  the  first  place  clear  that  the  same  principles  which  we 
hâve  already  accepted  as  determining  the  appearance  of  “ cell 
currents  ” must  hold  good  for  vegetable  as  for  animal  cells.  The 
only  question  is  whether  we  are  here  justified,  as  in  the  uni- 
and  multicellular  animal  glands,  in  regarding  the  single  cells  as 
individually  electromotive,  or  whether  tins  j^roperty  is  not  rather 
attached  to  them  solely  in  connection  with  otlier  dissimilar 
éléments,  whether,  i.e.,  we  are  dealing  with  electromotive  cells 
or  cell -complexes.  Munk  notably  tried  to  develop  a theory 
from  the  first  standpoint — albeit  in  a very  different  sense  from 
electromotive  activity  of  the  isolated  mucous  cell.  He  held,  as 
was  stated  above,  that  the  pôles  of  each  cell  Avere  positive  to  its 
centre,  and  that  after  excitation  the  P.D.  between  the  pôles  and 
the  négative  équatorial  zone  either  declined  (as  in  the  i;pper 
layer  of  the  parenchyma),  or  was  augmented  (cells  of  the  lower 
surface).  Seeing,  however,  that  the  structure  of  these  cells 
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does  not  give  the  smallest  support  to  such  a purely  gratuitous 
hypothesis,  and  that  it  fails,  moreover,  to  account  for  the  différences 
of  j^otential  which  Burdon-Saiiderson  lias  shown  to  exist  regularly 
between  upper  and  under  surface,  we  are  throwii  back  ou  the 
searcely  less  arbitrary  assumption  of  a coiistaut  (cheiuical) 
différence,  and  resulting  electrical  P.D.,  between  the  upper  and 
lower  halves  of  each  parenchyma  cell  on  the  upper  surface 
of  the  leaf,  comparable  in  some  measure  with  the  différence  in 
potential  between  free  end  and  base  of  the  mucous  cells.  But 
it  is  obvions  that  neither  structure  nor  arrangement  of  the  single 
cells  agréés  with  even  tins  presumption.  Burdon-Sanderson’s 
view  is  undoubtedly  the  more  probable,  that  the  surface  of  a 
single  cell  is  individually,  and  under  ail  conditions,  isoelectric. 
It  is  hardly  necessary  to  add  that  no  current  can  resuit  from 
the  mere  contiguity  of  two  cell-bodies  surrounded  with  cellulose 
walls,  and  thus  completely  separated,  when  the  one  is  altered 
equally  in  ail  its  parts  with  respect  to  the  other  ; any  more  than 
a muscle-current  appears  when  a fibre  that  is  equally  active  at 
ail  points  is  brought  into  contact  with  another  fibre  in  the 
resting  state.  But  whenever  the  bodies  of  adjacent  cells  are 
directly  united  by  processes,  and  so  form  a physiological  whole 
{i.e.  continuity  of  substance),  any  Chemical  différences  arising 
within  the  plasma  of  the  cell-aggregate  must  produce  current  that 
can  be  led  off  externally. 

Many  investigations  in  recent  years  concur  to  show  that  the 
bodies  of  vegetable  cells  are  frequently,  and  perhaps  always,  con- 
nected  directly  through  their  cellulose  sheaths  by  means  of  fine 
processes,  as  also  occurs  in  many  animal  tissues.  If  this  may  be 
assumed  of  the  cells  in  the  Dionœti  leaf  (it  lias  been  direetly 
proved  for  the  cells  of  the  excitable  cushion  of  Mimosa  by 
Gardiner  and  Haberlandt),  and  if  the  same  continuity  exists 
between  the  excitable  plasma  of  the  upper  and  the  non-excitable 
plasma  of  the  lower  parenchyma  cells,  then  ail  the  electrical 
manifestations  so  far  described  may  be  referred  to  différences  of 
potential  between  upper  and  lower  cells,  which  are  not  merely 
contiguous,  but  are  in  direct  protoplasmic  connection,  and  happen 
to  be  in  unlike  and  varying  physiological  States. 

From  this  point  of  view  it  would  not  be  without  interest  to 
test  the  electromotive  reactions  of  vegetable  organs  in  other  cases 
where  Chemical  différences  between  different  layers  of  cells  might 
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be  expected,  c.g.  iu  the  miinerous  examples  of  permanent  différ- 
ences in  tiirgor  (growing  fruits,  motor  organs  of  beau,  etc.). 

The  glandular  parts  of  plants  slionld  also  be  suitable  objects. 
Biedermann  fourni  in  varions  species  of  Droscra  that  on  leading 
off  from  the  stalk  ou  one  side,  and  the  surface  of  the  leaf,  whicli 
is  thickly  set  witli  little  glands,  ou  the  other,  tliere  were  con- 
sidérable différences  of  potential. 

The  intrinsic  nature  of  the  pbysiological  changes  of  state 
which  underlie  the  galvanic  effects  of  excitation  in  the  excitable 
leaf  of  Bionœa,  or  pulvinus  of  Mimosa,  cannot  with  our  présent 
knowledge  be  prouounced  upou,  any  more  than  in  the  correspoud- 
ins  electromotive  activities  of  animal  mucous  cells.  The  wide- 
reaching  analogies  in  the  two  cases  can  hardly  be  overlooked, 
as  emphasised  by  Prof.  Burdon-Sanderson,  who  bas  been  good 
enough  to  make  especial  communications  on  tins  subject.  As 
in  the  tongue  of  the  frog,  so  in  the  leaf  of  Bionœa,  we  find  a 
“ current  of  rest,”  of  which  the  sign  niay  alter  with  circumstances, 
its  internai  relations  with  the  galvanic  excitatory  effects  being 
invariable  and  unmistakable.  In  both  cases,  moreover,  the  effect 
of  excitation  is  a frequeutly  diphasic  variation,  the  sign  of  which 
dépends  throughout  on  the  state  of  thé  organ  at  the  moment. 
Burdon-Sanderson  therefore  holds  it  to  be  not  improbable  that 
in  the  leaf  of  Bionœa,  as  in  animal  mucosæ,  the  current  led  off 
may  be  the  resuit  of  two  antagonistic  Chemical  processes  which 
occur  in  the  plasma  of  the  cells,  and  are  always  simultaneously 
présent.  These  imply  the  development  of  an  opposite  potential, 
while  to  one  of  them  is  due  the  permeability  of  the  cell-wall 
to  water. 
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CHAPïEIi  VII 

STRUCTUEE  AND  ORGANISATION  OF  NERVE 

In  nerve,  as  in  muscle,  function  and  ail  essentially  physiological 
properties  are  so  bouncl  np  with  tlie  finer  structure  of  the  in- 
cliviclual  éléments  that  it  is  désirable  to  give  soine  account  of 
the  latter.  "VVe  ueed  only  consider  the  conductors,  the  nervc- 
Jihres,  since  ail  existing  observations  on  electrical  excitation 
and  electromotive  action  relate  almost  eutirely  to  tliese.  The 
nervous  System  belongs  exclusively  to  the  animal  organisa- 
tion, and  indeed  to  the  more  highly  developed  Metazoa  only. 
Plants,  unicellular  animais,  and  the  lower  Metazoa  hâve  no 
nerves,  and  if  in  exceptional  cases  (as  in  the  excitatory  move- 
ments  of  many  plants)  there  are  forms  of  activity  which  resemble 
the  vital  manifestations  of  the  animal  organisation  as  effected  by 
nerves,  it  is  easy  to  prove  that  the  resemblance  is  rnerely 
superficial. 

In  the  animal  organism,  communication  between  distant  organs 
or  groups  of  organs  is  generally  effected  in  two  ways  : first,  by  the 
circulation  of  the  nutritive  fluids  ; second,  by  the  nervous  System. 
The  former  may  be  said  to  act  as  the  more  sluggish  transport  ; 
materials  prepared  or  taken  up  in  the  organ  are  carried  farther, 
to  be  profitably  assimilated,  or  excreted.  In  opposition  to  tins 
sluggish  medium  we  hâve  the  marvellously  rapid  communication 
between  remotest  parts,  which  is  brought  about  by  the  nervous 
System.  The  mode  of  action  within  the  nerves  has  often  been 
compared  to  that  of  the  telegraph  System,  and  so  long  as  we  bear 
in  mind  that  what  is  transmitted  in  the  nerve  is  not  electricity, 
the  comparison  is  a very  fair  one.  With  regard  to  tins  last  point 
the  most  extravagant  conceptions  prevailed,  long  before  the  dis- 
covery  of  the  fundamental  phenomena  of  electro-physiology,  and 
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the  key  to  nervous  activity  was  always  looketl  for  in  electrical 
manifestations.  But  as  in  muscle,  so  in  nerve,  these  hopes  were  not 
to  be  realised  in  their  original  sense,  and  althougli  Albrecht  (1)  bas 
recently  attempted  to  revive  the  old  doctrine  of  the  identity  of 
the  nervous  principle  ” with  current  electricity,  there  can  be  no 
serions  discussion  on  these  lines.  In  nerve,  as  in  muscle,  electro- 
motive  action  must  be  viewed  as  the  concomitant  of  Chemical 
processes,  while — again  as  in  muscle — its  proper  significance  is 
not  yet  adequately  established.  The  nervous  System  invariably 
consists  of  cellular  éléments  (ganglion-  or  nerve-cells)  and  of 
fibres,  which  must  be  reckoned  as  processes  of  the  former,  so 
that  the  cell  with  its  fibre  forms  an  anatomical  and  physiological 
unit  Neuron”  Waldeyer;  “ Neuroclendron’'  Kôlliker).  At 
their  first  appearance,  both  phylogenetically  and  ontogenetically, 
the  nerve-fibres  are  pale  fibrous  structures,  greater  or  less  in 
length,  which  always  spring  from  spécial  cell-bodies  (ganglion- 
cells),  and  either  pass  branched  or  unbranched  into  the  peripheral 
end-organs,  or  establish  mutual  communication  between  different 
ganglion-cells.  While  in  the  lower  forms  of  animais  this  condition 
is  permanent,  it  is  only  a temporary  phase  of  development  in  the 
liigher  species,  since  varions  sheaths  are  added  later  (in  parts  at 
least)  to  the  originally  naked  fibres,  so  that  the  structure  of  the 
individual  nerve-fibre  may  become  very  complicated.  The  fibres 
may  be  classified  into  different  groups  according  to  the  very 
different  properties  of  these  sheaths  or  investments,  the  most 
characteristic  being  those  termed  medullatcd  and  non-mcdidlatcd 
fibres.  The  nervous  System  of  vertebrates  is  composed  almost 
exclusively  of  the  former,  while  the  latter  predominate  among 
invertebrates  and  the  lowest  vertebrata. 

Hence  we  may  conclude  that  the  one  essai  tial  constituent  of  a 
nerve-jihre  is,  fimctionally  spcalcing,the  substance  of  the  cell  jirocess — 
or  “ OAvis-cylinder,”  as  it  is  termed  from  the  sheath  which  usually 
envelops  it,  and  serves  mainly  as  a protective  covering.  We 
shall,  therefore,  understand  by  “ nerve-fhre  ” the  single  axis- 
cylinder,  whether  as  the  process  of  a central  or  peripheral 
ganglion-cell,  or  as  the  brandi  of  sucli  a process  ; irrespective  of 
its  being  per  se  naked,  or  enclosed  in  a sheath,  or  if  tlie 
.saine  sheath  encloses  few  or  many  axis-cylinders.  The  last  case 
occurs  most  frequently  in  invertebrates.  The  nerves  of  the  i>ro- 
boscis  of  many  Nemertines,  c.y.,  contain  witliin  a tolerably  thick 
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uucleated  sheath  of  connective  tissue  a whole  biindle  of  tlie  fin  est 
axis-c}dinders,  eacli  springing  froin  one  nerve-cell  (2).  On 
hastily  examining  préparations  stained  intra  vitam  witli  niethylene 
bine,  such  a bundle  of  fibres  inight  easily  be  taken  for  a single 
nerve-fibre  witli  one  axis-cylinder  and  a thick  sheath  ; doser 
inspection,  however,  shows  the  central  filament  to  be  composed  of 
excessively  fine  fibres,  deeply 
stained,  and  ail  donbt  as  to 
their  nature  is  removed  by  the 
connection  in  every  case  with 
a separate  nerve-cell  (Fig.  149). 

The  terni  “ nerve-fibre  ” niust, 
therefore,  only  be  applied  to 
the  minute  fibrils  which  brandi 
off  froni  the  central  bundle  of 
the  nerve-trunk  to  supply  the 
perijiheral  end-organs. 

While  in  this  case  the  rela- 
tions of  calibre  betvveen  the  Fig.  149.— section  of  a nerve  from  tlie  proboscis 
. -,  1 • 1 i-i.  i of  Amphiporus  marmoratus  with  pairetl  cells. 

single  fibres  which  constitute  (Methylene-blue  préparation  from  O.  nurger.) 

the  bundle  are  tolerably  uni- 

forni,  we  elsewhere  find  marked  différences.  In  insects  and  crus- 
tacea,  e.r/.,broad  band-shaped  axis-cylinders  frequently  run  alongside 
very  small  and  fibril-like  filaments  in  the  sanie  sheath,  and  this 
■ not  merely  in  the  coarser  nerve-trunks,  but  in  the  finest  terminal 
branches  also,  where  the  calibre  would  justify  us  in  reckoning  them 
individually  as  nerve-fibres.  But  it  is  in  these  niuscular  nerves 
of  Arthropoda  with  their  copions  ramifications  (e.y.  in  the  familiar 
instance  of  the  crayfish),  that  it  is  most  easy  to  show  that  no 
essential  différence  in  structure  exists  between  the  coarser  and  finer 
branches  of  the  nerve,  apart  froni  the  nuniber  of  axis-cylinders 
contained  within  one  sheath  of  connective  tissue.  Neither  the  one 
nor  the  other  niust  be  designated  as  nerve-Jibres,  but  niust  be 
treated  siniply  as  huncllcs.  îlotwithstanding  therefore  that, 
j even  in  the  minutest  ramifications,  and  actual  terminal  branches, 

I there  may  be  several  axis-cylinders  in  a coinmon  sheath,  the 
i morphological  définition  of  a nerve-fibre  niust  be  strictly  con- 
' fined  to  one  such  axis-cylinder.  It  follows  that  the  richly 
I developed  connective-tissue  sheath  of  the  finest  nerve-branches 
in  invertebrates  niust  not  be  regarded  as  analogous  to  the 
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“ sheatli  of  Schwaim,”  but  is  rather  comparable  witli  the  con- 
nective tissue  (“  eudoperineurium  ”)  whicli,  in  vertebrates,  unités 
the  axis-cylinders,  aloug  with  tlieir  spécial  sheaths,  into  primitive 
bundles  of  fibres,  or  nerve-trunks.  Only  that  fine,  homogeneous, 
nucleated  sheatli  which  partially  invests  the  peripheral  axis- 
cylinders  (medullated  and  iiou-medullated)  of  vertebrates  and 
some  invertebrates  is  to  be  termed  the  sheath  of  Schvvann. 

In  the  muscular  nerve  of  crayfish,  the  neural  sheath,  both  in 
the  larger  trunks  and  in  parts  where  the  axis-cylinders  run  singly, 
exhibits,  even  in  the  fresli  State,  and  still  more  after  treatment  ■ 
with  tlie  gold  method,  an  obvions  stratification,  resembling  in  ' 
places  the  highly  developed  and  richly  nucleated  connective-  ; 


tissue  sheath  on  the  capsule  of  the  Pacinian  corpuscle  (Fig.  150).  i 
A similar  concentric  layering  appears  in  the  neural  sheath  of  several  > 
Orthoptera  (locusts).  In  other  cases,  on  the  contrary  (c.y.  many  I 


Fig.  150. — Isolated  inu.scular  nerve  froiu  the  abductor  imisele  of  crayfish.  (Gold  and  forinic  acid.) 


insects),  the  substance  in  which  the  axis-cylinder  is  embedded  is 
finely  granulated,  like  protoplasm  (3). 

Tliese  relations  between  the  nerve-fibres  (axis-cylinders)  ol 
invertebrates  and  their  sheaths  only  appear  fully  on  staining  the 
former  by  proper  methods.  The  gold  method,  which  was  so  niucli 
employed,  after  Cohnheim,  lias  been  superseded  by  the  methylene- 
blue  method  of  Elirlich,  more  particularly  for  invertebrate  animais. 
Biedermann  bas  failed  to  détermine  a spécial  and  individual  sheath 
within  the  common  integument  of  the  finer  axis-cylinders  of  in-  | 
vertehrate  nerves,  unless  the  compacter  layers  of  connective  tissue  ) 
immediately  surrounding  each  axis-cylinder  in  the  muscular  nerve-  j 
trunk  of  the  crayfish  be  recognised  as  such.  As  a rule,  invertebrate  ^ 
nerves  présent  a naked  axis-cylinder  within  a common  sheath,  or 
substratum  of  connective  tissue,  which  is  histologically  distinct  ! 
from  the  spécifie  sheaths  of  the  nerve-fibres  of  higher  animais.  | 
even  when  it  invests  a single  axis-cylinder.  In  vertebrates,  similar 
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but  coai’ser  sheatbs  of  coimective  tissue  surrounding  a single  axis- 
cyliuder  appear  exceptionally. 

Tlnis  tlie  nerve  - fibres  of  tbe  electrical  organ  of  Torpcdo 
exhibit  a tolerably  tliick  sheatli,  and  an  extrenie  development  of 
tbe  saine,  consisting  of  inany  concentric  layers  closely  packed 
togetber,  is  also  cbaracteristic  of  tbe  two  giant  nerve-fibres  wbicb 
supply  tbe  electrical  organ  of  Malapteriirus.  Tbese  nerves  are  as 
tbick  as  a sevving-needle,  and  yet  contain  only  a single  medullated 
primitive  fibre. 

Tbe  sbeatb  of  Scbwann  and  tbe  medullary  sbeatb  are  tbe 
only  “ spécifie  ” sbeaths  of  nerve-fibres.  As  we  bave  stated,  a 
true  sbeatb  of  Scbwann  rarely 
appears  in  tbe  nerve  - fibres  of 
invertebrates,  and  tben  only  in 
cases  wbere  tbere  is  a compara- 
tively  broad  axis  - cylinder.  In 
nearly  ail  crayfisb  nerves,  if  not 
excessively  fine,  tbere  are,  along 
witb  a number  of  very  délicate 
axis-cylinders  wbicb  never  exbibit 
a spécial  sbeatb,  otbers  of  mucb 
greater  diameter  ; tbese,  on  treat- 
ment  witb  metbylene  bine,  for  tbe 
most  part  become  paler  in  colour, 
and  exbibit,  in  Eemak’s  words,  a 
visible  “ tubular  ” structure,  i.e.  a 
délicate,  apparently  structureless, 
nucleated  sbeatb  witb  its  content, 
tbe  axis -cylinder  proper,  to  tbe 
finer  structure  of  wbicb  we  sball 
return  later. 

Tbese  structural  relations  of 
invertebrate  nerves  bave  mucb  in 
common  witb  tbe  fine  nerve-trunks  found  in  tbe  sympatbetic 
System  of  vertebrates,  wbicb  contain  a bundle  of  non-niedullated 
fibres  (axis-cylinders) — tbe  gray  fibres  of  Eemak — witbin  a 
strong  sbeatb  of  connective  tissue  (epineural  sbeatb),  Fig.  151. 
Eacb  of  tbese  fibres  appears  wben  isolated  as  a transparent  flattisb 
liand — bornogeneous,  or  witb  délicate  longitudinal  striations,  in  tbe 
fresb  State,  witb  liere  and  tbere  a long  oval  nucléus.  M.  Scbultze 


Fig.  151. — A iieriiiheral  bundle  of  the  liuinan 
sympatbetic  nerve,  fixed  witli  osinicacid. 
Two  medullated  libres  (»iF)lie  in  a bundle 
of  Remak's  libres.  Epineural  sheatli  be- 
yond.  (Scbietferdecker.) 
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describecl  Eemak’s  fibres  as  axis -cy lin clers  witb  a sheath  of 
Scliwann,  and  they  bave  since  been  very  variously  iiiterpreted. 
It  was  even  qiiestioned  whether  they  were  nerves  at  ail,  but 
later  on  Schultze’s  opinion  was  very  generally  adopted.  Eemak 
observed  that  the  fibres,  which  he  described  as  naked,  “ and 
nearly  always  longitudinally  striated  on  tlie  surface,”  were  readily 
decomposed  into  the  “ finest  threads,”  and  in  fact  nothing  could 
be  casier  than  to  demonstrate  this  in  suitable  préparations,  cjj. 
the  splenic  nerves  of  ruminants.  Kolliker  and  Schieflferdecker 
(4),  on  the  other  hand,  regarded  each  Eemak’s  fibre  as  “ a bundle 
of  fine  axis-cylinders,  surrounded  by  a more  or  less  complété  sheath 
of  Schwann.”  The  question  again  can  only  be  determined  by 
référencé  to  the  origin  of  the  fibres  involved.  If  it  can  be  shown 
that  a “ Eemak’s  fibre  ” originates  as  a simple  fibre,  and  that  its 
individual  “ elenientary  fibrils  ” are  not  independent  cell  processes, 
there  can  then  be  no  doubt  that  it  represents  a single  axis- 
cylinder  (nerve-fibre),  and  not  a bundle  of  such  fibres.  It  lias 
long  been  known  that  broad  prolongations  spring  from  the  sym- 
pathetic  ganglion-cells,  which  are  invested  with  a complété  sheath 
of  Schwann  ; and  these,  in  their  turn  clothed  with  a process 
of  the  cell  sheath,  correspond  throughout  with  Eemak’s  fibres. 
These  last,  in  continuing  their  course  (notwithstanding  the  in- 
equalities  of  the  cellular  sheath  as  first  remarked  by  Eanvier), 
make  good  their  existence  as  spécial  structural  éléments,  which 
are  easily  isolated — like  the  medullated  nerve-fibres  ; while  the 
elenientary  fibrils  (“  Eeniak’s  fibrils,”  Kolliker)  cling  together  iiiucli 
more  closely,  and  can  only  be  isolated  in  places.  It  is,  however, 
easy  to  demonstrate  their  existence,  both  in  teased  préparations, 
and  at  the  cross-sections  of  large  nerve-trunks  containing  Eeniak’s 
fibres  (splenic  nerves  of  the  ox). 

The  éléments  of  the  olfactory  nerve  are  similar  in  structure 
to  Eeniak’s  fibres.  As  shown  by  ]\I.  Schultze,  the  péri  plierai 
expansion  of  this  nerve  consists  in  ail  vertebrates  of  non-niedullated 
éléments,  which,  c.g.  in  the  pike,  are  clearly  defined,  and  sur- 
rounded by  a tolerably  thick  structureless  sheath,  regarded  hy 
Schultze  as  the  sheath  of  Schwann.  The  single  fibres,  some 
10—40  jx  in  dianieter,  are  round,  or  polygonal  from  pressure  in 
cross-section.  The  content  of  the  sheath  exhibits  a somewhat 
faiiit  longitudinal  striation  even  in  the  fresh  state.  After  pro- 
loiiged  macération  in  0'04  % chromic  acid,  or  0’4-0'G  % 
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solution  ot'  potassium  chromate,  Scbultze  succeeded  in  isolating 
two  kinds  of  éléments  from  the  nerve-fibres,  i.e.  countless  minute 
fibrils,  and  a finely-granulated  mass,  “ of  wbicb  it  is  bard  to  say 
wbetber  it  forms  part  of  tbe  little  fibres  or  lies  between  tbem.” 
Tbis  is  tbe  cbaracteristic  structure  of  tbe  olfactory  fibres  ; and 
bere  we  bave  tbe  first  mention  of  a fihrillatcd  structure  of  nerve- 
fibre,  wbicb  became  tbe  starting-point  for  tbe  furtber  investigations 
by  wbicb  Scbultze  establisbed  tbe  doctrine  of  fibrillated  structure 
for  ail  nerve-fibres.  Eegarding  tbe  axis-cylinder  of  medullated 
nerves  as  a bundle  of  tbe  finest  fibrils  with  granulated  interfibrillar 
substance,  be  compared  it  witb  tbe  fibrous  éléments  of  tbe  olfac- 
tory nerves,  and  defined  tbe  latter  as  “ axis-cylinders  witb  a sbeatb 
of  Scbwann.” 

Babucbin  objected  to  Scbultze’s  tbeory,  and  declined  to  recog- 
nise  tbe  sbeatbed  “ nerve-fibres  ” wbicb  Scbultze  isolated  from  tbe 
olfactorius  as  comparable  witb  tbe  fibres  of  Eemak.  Even  if  the 
comparisou  is  legitimate  in  many  animais,  it  may  be  sbown  in  other 
cases  tbat  the  supposed  sbeatb  • of  Scbwann  corresponds  better 
morphologically  witb  tbe  perineurium  of  the  nerve-trunks.  Fine 
transverse  sections  of  tbe  olfactorius  (of  pike)  show  tbat  secondary 
septa  run  out  from  tbe  external  sbeatb  of  tbe  large  nerve  “ fibres  ” 
(in  Schultze’s  sense),  and  divide  the  fibre  into  two  or  more  com- 
partments.  In  the  higber  vertebrates,  on  the  contrary,  tbere  is 
no  sucb  marking  out  of  single  “ fibres  ” by  spécial  sbeaths.  Boveri, 
at  any  rate,  bas  failed  to  find  nucleated  membranes,  eitber  by 
isolation  or  in  cross-section.  “ An  arrangement  of  larger  or 
smaller  irregular  groups  is  indeed  easily  identified  at  tbe  trans- 
verse section,  but  they  are  not  separated  by  sbarp  double  Unes, 
as  would  be  the  case  witb  membranes  investing  distinct  parti- 
tions. Tbe  dividing  line  is  single,  often  obscure,  and  dotted  in 
appearance,  in  no  way  comparable  witb  tbe  secondary  sbeaths  of 
tbe  pike’s  fibres.”  Boveri,  tberefore,  assumes  correctly  tbat  these 
partition  walls  are  “ a superficial  expansion  of  connective  tissue, 
sucb  as  are  also  found  between  tbe  fibres  of  tbe  wbite  matter  of 
tbe  spinal  cord.”  Tbis  is  borne  out  by  tbe  position  of  tbe  nuclei. 
“ It  is  clear  from  tbe  ‘ fibres  ’ of  vertebrates  biober  tban  fisbes  tbat 

O 

tbe  nuclei  lie  not  only  between  but  also  inside  tliem.” 

Tbe  spaces  witbin  tbese  septa  are  seen  in  cross-section  to  be 
filled  witb  a gray  réticulum  (tbe  interfibrillar  substance  of  Scbultze), 
in  tbe  mesbes  of  wbicb  dotted  sections  of  minute  fibrils  ai)])ear. 
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willi  a proper  stain,  as  in  the  transverse  sections  of  lieniak’s 
fibres.  Bnt  while,  from  tlieir  origin,  each  of  the  latter  must  be 
regarded  as  a single  axis-cylinder,  w'e  are  from  the  saine  reason 
conipelled  to  accept  each  of  the  fine  elementary  fibres,  or  fibrils, 
within  the  coinmon  sheath  of  the  olfactorins  as  being  in  itself 
a nerve- fibre  or  axis-cylinder.  The  peculiar  relations  of  the 
olfactory  fibres  to  certain  spherical  structures  of  tlie  olfactory  bulb 
bave  long  been  known,  but  it  is  only  with  the  help  of  recent 
methods  of  staining  that  an  explanation  of  them  lias  become 
possible. 

It  is  now  known  that  two  processes  run  out  from  the  spindle- 
shaped  body  of  each  olfactory  cell  ” — one  short  and  directed 
towards  the  mucous  surface,  interpolated  between  the  remaining 
épithélial  cells  ; the  other,  long,  fine,  and  filiform,  extending  as.  an 
olfactory  fibre  towards  the  bulb,  to  end  there  in  a “ glomerulus.” 
A number  of  these  extremely  fine  nerve-fibres  are  gathered  up 
into  coarser  bundles  (olfactory  bundles),  which,  after  a shorter  or 
longer  course,  pass  out  of  the  olfactory  niucosa  into  the  olfactory 
bulb,  tlirough  the  cribriform  plate  of  the  ethmoid,  and  enter  the 
layer  of  glomeruli.  The  individual  fibres,  which  are  undivided 
and  often  varicose,  remain  of  the  saine  breadth  thromihout  their 
passage  from  olfactory  cell  to  glomerulus.  The  fibres  begin  to 
brandi  shortly  before  entering  the  glomerulus  ; they  divide 
ilichotomously  several  times,  and  traverse  the  glomerulus  by 
a somewhat  complicated  path,  until  they  end  freely  (5).  Often, 
as  described  by  Eamôn  y Cajal,  Van  Gehuchten,  and  Martin,  as 
well  as  by  Kplliker,  “ not  merely  one,  but  two,  three,  or  several 
fibres,  enter  one  glomerulus.  They  ail  pursue  the  sanie  course, 
branching  freely  (didiotomously)  in  tlie  glomerulus,  and  inter- 
lacing  without  anastoniosis.”  These  terminal  ramifications  of 
tlie  olfactory  fibres  in  the  glomerulus  therefore  represent  the 
central  endings  of  the  fibres,  and  in  spite  of  their  fine  structure 
they  cannot  be  regarded  otherwise  than  as  independent  nerve- 
fibres  (axis-cylinders).  Each  olfactory  fibre,  or  more  correctly 
fibril,  tliiis  corresponds  with  the  centripetal  process  of  an  “ olfactory 
cell  ” in  the  epithelium  of  the  olfactory  mucous  membrane.  The 
branches  of  these  fibres  in  the  glomerulus  interlace,  without 
anastoniosing,  with  other  fibres  that  arise  from  bifurcation  of  the 
jirocesses  from  the  ganglion-cells  (prolongations  of  the  so-calleil 
“ mitral  cells  ”). 
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If  these  excessively  fine  éléments  of  tlie  olfactoiy  nerve,  which 
resemble  the  “ tibrils  ” of  Eemak’s  fibres  in  structnre  and  appear- 
ance,are  tlms  independent  and  non-medullated  fibres,  tbey  represent 
in  some  degree  the  lowest  and  least  developed  form  of  nervons  tissue. 
Eemak’s  fibres  are  bigher  in  the  scale,  since  they  présent  buiidles 
of  tibrils,  which  possess  (even  if  incoinpletely)  a sheath  of  Schwami  : 
while  the  inost  developed  non-inedullated  fibres  again  appear 
as  an  axis-cylinder  completely  surrounded  with  y/.r 

a sheath  of  Schwann,  as,  typically,  in  the  peri- 
pheral  nerves  of  the  lower,  and  even,  at  a certain 
developmental  stage,  of  the  higher  vertebrates 
{Petromyzon,  Amjjhioxus,  Cyclostoma).  The  axis- 
cylinder,  to  the  finer  structure  of  which  we  sliall 
return  later,  is  here  iminediately  surrounded  on 
ail  sides  by  the  sheath  of  Schwann.  This  is  tubular 
and  transparent,  and  betrays  its  cellular  formation 
only  in  the  presence  of  long  nuclei  upon  the  inner 
surface  ; the  upper  surface  is  often  invested  with  a 
délicate  memhraue  of  hbrillated  connective  tissue 
(“  Henle’s  sheath  ”),  which  may  be  regarded  as  part 
of  the  connective  tissue  (perineurinm)  that  binds  a 
number  of  fibres  into  a nerve-trunk  (Fig.  152). 

Ail  nerves  consistiug  of  these  kinds  of  éléments 
differ  esseutially,  even  to  the  unaided  eye,  from 
those  composed  exclusively,  or  in  great  part,  of 
medullated  fibres,  the  complicated  stimcture  of 
which  will  be  described  below.  Non-medullated 
nerves,  in  conséquence  of  the  transparency  of  the 
single  fibres  and  their  investment,  are  always  clear, 
and  grayish  in  colour,  and  often,  especially  in 
invertebrates,  of  an  alinost  gelatinous  consistency.  fig. 
IMedullated  nerves,  on  the  other  hand,  are  much 
more  compact  and  résistant,  and  are  characterised  fiuvianus 

1 1 • • 1 ■ mi  • • treated  witli 

by  tlieir  ivory  whiteness  and  opaqueness.  lins  is  Muiiei’s  nuid. 
due  to  the  optical  properties  of  the  mcdullary  (s^ciuefferdecicei-.) 
sheath,  the  finer  structure  of  which  lias  long  occupied  the 
attention  of  histologists. 

If  a medullated  nerve-fibre  is  examined  in  the  living  tissue, 
or  immediately  after  isolation  in  an  indiffèrent  fiuid,  it  appears 
as  a Iiighly  refractive,  transparent,  and  perfectly  homogeneous 
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tliread,  with  a simple  contour,  wliicli  is  constricted  here 
and  tliere  at  irregular  intervals,  known  after  their  dis- 
coverer  as  nodes  of  Eanvier  (“  étranglements  annulaires  ”)  (Figs. 
152,  153).  The  lengtli  of  segment  between  tlie  nodes  is  con- 
siderably  greater  in  tlie  inferior  vertebrates  (fish,  amphibia) 
than  in  the  liigher,  so  that  in  the  former  there  are  fewer 
nodes  in  the  saine  tract  ; corresponding  per- 
liaps  with  varying  consumption  of  materials, 
if,  as  Eanvier  believes,  the  nodes  are  to  be 
regarded  as  points  of  entrance  for  the  nutritive 
liuids,  It  may  also  be  remarked  that  the 
electrical  nerves  of  Torpédo,  as  well  as  ernbryonic 
nerves,  hâve  invariably  shorter  and  more  numer- 
ous  segments  than  fully-developed  fibres.  Ean- 
vier’s  nodes,  again,  are  found  at  ail  dividiug 
points  of  peripheral  medullated  nerve  - fibres, 
while  in  the  central  éléments  their  existence 
is  donbtful.  Near  the  constrictions,  in  fresh, 
peripheral,  medullated  fibres,  are  the  long  nuclei 
of  the  sheath  of  Schwann,  which  lie  at  the  side 
of  the  fibres,  and  seem  to  be  embedded  in  the 
medullary  sheath.  The  fact  that  (in  higher 
vertebrates)  one  nucléus  is  placed  centrally  be- 
tween each  pair  of  nodes  bas,  along  with  other 
facts  {infra),  given  rise  to  the  view  that  each 
nerve  - fibre  is  due  to  the  fusion  of  several 
cells,  a theory  wliich  can  liardly  be  maintained 
in  the  face  of  embryological  researches.  In  the 
lower  vertebrates  (fishes)  there  are  several  nuclei 
(5—18,  according  to  Key  and  Eetzius)  in  each 
serment.  In  their  finer  structure  the  nuclei  of 
Schwann  correspond  essentially  with  other  cell- 
nuclei.  While  the  sheath  of  Schwann  forms  a complété  tube, 
investing  the  fibre  closely  on  ail  sides,  and  surrounding  the  axis- 
cylinder  even  at  the  nodes  of  Eanvier,  where  the  medullary  sheath 
is  interrupted  {infra),  the  latter  exhibits  segmentation  apart  from 
the  constrictions  of  Eanvier.  After  death,  the  double  contour  oi 
the  medullary  slieatli  is  interrupted  by  oblique  lines  on  either  side 
of  the  nodes  of  Eanvier,  whicli  give  the  appearance  of  longer  or 
shorter  segments  of  medulla,  fitting  togetlier  with  funnel-shaped 


Fia.  153.  — Nerve  - cell 
with  hranclüng  pro- 
cess  froiii  the  spinal 
ganglion  of  rabbit. 
(Sch  iefl'erdecker.  ) 
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ends  : the  internai  relations  of  these  were  specially  investigated 
by  Scliielferdecker.  These  secondary  breaks  in  the  continnity  of 
the  inednllary  sheatli  are  known,  after  their  discoverer,  Lantermann, 
as  “ Lanterinann’s  indentations”  (Fig.  157).  On  treating  fresh 
medullated  nerve-fîbres  witli  silver  nitrate,  characteristic  black 
crosses  appear  at  the  constrictions  ; the  solution  of  silver  enters 
most  rapidly  at  this  point,  and  not  only  coloiirs  the  ground- 
substance  of  the  constriction  (Schiefferdecker’s  Zicisclienschcibe — 
intermediary  dises),  but  also  pénétrâtes  a certain  distance  along  the 
axis-cylinder,  spreading  on  either  side  between  the  latter  and  the 
medullary  sheath  (“  periaxial  clefts  ”)  (Fig.  159).  The  long  arnis 
of  the  cross  are  often  discontinuons,  and  appear  as  a more  or  less 
prolonged  sériés  of  transverse  striæ,  the  so-called  “ silver  Unes  of 
Fromnianu,”  the  origin  of  which  has  not  yet  been  adequately 
determined. 

During  the  death  of  the  fibre  many  striking  phenomena  make 
their  appearance.  We  hâve  said  that  the  medullary  sheath  in 
living  nerve-fibre  is  smooth  and  homogeneous  : in  moribund  nerve 
it  alters  conspicuously.  Even  with  the  most  favourable  conditions, 
in  fluids  that  are  as  far  as  possible  indifferent,  the  excessive 
instability  of  the  substance  of  the  medullary  sheath  causes  rapid 
alterations,  which  are  generallydescribed  as  coagulation-phenomena, 
or  formation  of  “ myelin  figures.”  These  are  chiefly  characterised 
by  a kind  of  folding  and  wrinkling  of  the  medullary  sheath,  so 
that  the  latéral  border  of  the  fibres,  which  was  at  first  rectilinear, 
becoines  much  undulated,  while  irregular  lumps  and  knotty  Unes 
and  networks  appear  on  the  surface,  and  soon  conceal  the  notches, 
although  the  constrictions  still  remain  visible. 

These  changes  are  intimately  associated  with  the  Chemical 
constitution  of  the  medullary  sheath,  lecithin  and  cholesterin 
being  among  its  chief  constituents.  It  is  owing  to  the  former 
that  the  medulla  of  the  nerve,  when  treated  with  osmic  acid, 
stains  a more  or  less  deep  black,  so  that  even  the  finest  medullary 
sheaths  can  be  detected  by  this  reaction.  Water,  dilute  acids, 
and  .solutions  of  salts  cause  a swelling  of  the  medulla,  which  occurs 
most  rapidly  and  distinctly  in  the  central  nerve-fibres,  where  the 
sheath  of  Schwann  is  wanting.  Here,  as  also  in  the  peripheral 
medullated  fibres,  there  is  often  a characteristic  blistering  of  the 
medullary  sheath,  beginning  at  the  free  end  of  the  medullary 
segment,  and  extending  right  along  it. 
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Tliis  swelling  of  tlie  medullary  slieatli  is  naturally  most 
obvions  at  points  wbere,  c/j.  at  a cross  section,  the  myelin 
is  in  immédiate  contact  with  the  enteriim  fluid.  Here,  along 
with  the  formation  of  cliaracteristic  “ myelin  figures,”  there 
is  often  a regiilar  outflow  of  medulla  froin  tlie  sheath,  which 
may  extend  far  beyond  the  cross  - section. 
Very  singular  figures  are  produced  by  treating 
medullated  nerve  - fibres  witli  bot  alcohol  and 
ether,  when  a great  part  of  the  medullary  sub- 
stance goes  into  solution,  leaving  a délicate 
network  of  a highly  refractile  substance,  which 
o-ives  a Chemical  reaction  analogous  with  that  of 
keratin,  and  therefore  termed  neurohcroiin  by 
Kühne  and  Ewald  (Fig.  154).  It  is  not  known 
whether  these  reticulate  “ horny  sheaths  ” are  pre- 
formed  as  sucli  within  the  normal  medullary 
sheath.  Ail  changes  produced  in  the  aspect  of 
medullated  nerve-fibres  by  different  reagents  must 
be  accepted  with  great  caution  as  to  structural 
conclusions,  owing  to  the  extreme  instability  of 
the  medullary  sheath. 

We  said  that  ail  medullated  fibres  of  ver- 
fig.  154.— Nerve-flbre  tebrates  are  at  first  destitute  of  a medullary 
afcoilou  slieatli,  wlüch  only  appears  at  a given  stage  of 

centre  is  the  twisteci  clevelopmeiit.  How  tliis  occui’s,  aud  how  the  nerve- 
between  tliis  ami  fibres  theiiiselves  are  developed,  is  a disputed 
the  shea,th  of  j^;^atter.  It  is  certain  that  nerve-fibres  arise 

Schwann  the  net- 
work of  neuro-  uiidei’  ail  cii’cumstances  from  spécial  cells  (nerve- 

keratin.  (Koliiker.)  must  bc  l’cgarded  as  their  prolongations  ; 

tins  Külliker  and  His  bave  established  for  the  roots  of  the  spinal 
uerves  also.  Both  anterior  and  posterior  roots  at  first  appear 
as  bundles  of  naked  axis-cylinders,  springing  in  the  former 
from  the  motor  cells  of  the  anterior  horn,  while  in  the  pos- 
terior roots  some  of  the  fibres  run  inwards  from  the  cells  of  the 


spinal  ganglia  to  the  cord,  and  some  outwards  to  the  periphery, 
Later  on,  the  cells  which  arise  from  the  mesoblast  form  first  a 
sheath  which  invests  the  entire  bundle  of  unmedullated  fibres, 
and  subsequently  a spécial  sheath  to  each  fibre  (sbeath  of  Schwann). 
Tliis  secondary  origin  of  the  sheath  of  Schwann  appears  still 
more  plainly  in  the  developing  nerves  of  the  tadpole’s  tail 
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(Külliker,  Eouget,  Heusen).  Heiiseu  fourni  that  these  iierves  at 
first  consistée!  of  fine  shiuing  forkecl  tlireads  withont  nnclei  ; later 
ou  single  nnclei  appeared,  at  first  near  tlie  body-axis,  and  subse- 
qneutly  in  the  tenniual  ramifications  also.  These  cells  nndonbtedly 
belong  to  the  connective  substance,  from  the  fusion  of  which 
avises  the  sheath  of  Schwanu.  Neither  mednllary  sheath  nor 
sheath  of  Schwaun  appears  to  develop  coutinnonsly  at  ail  points 
alono-  a nerve-fibre. 

O 

It  is  known  that  in  the  central  nervons  System  (brain  and 
cord)  the  fibres  of  the  pyramidal  tract  become  gradnally  invested 
with  mednllary  sheaths,  in  the  direction  from  parent  cells  to 
spinal  cord,  and  the  sanie  is  stated  by  Külliker  of  peripheral 
nerves,  where  the  development  of  mednlla  is  directed  from  trnnk 
to  periphery.  Külliker  disputes  the  assumption  of  Hensen  that 
the  mednlla  originates  in  the  form  of  single  drops,  since  he 
observed  on  the  tadpole  “that  it  appeared  ah  initia  as  a cohérent 


Fig.  105. — Two  medullatecl  nerve-fibres  of  Palacmon  squilla.  (Hetzius.) 


tube,  which  gradnally  acquired  the  dark  contour,  the  transition 
from  pale  to  dark-walled  fibres  being  thus  imperceptible.” 
This  seenis  to  ocenr  first  near  the  nnclei  of  Schwann,  so  that 
mednllary  segments  are  fornied,  separated  by  longer  non-niedullated 
tracts  corresponding  with  the  constrictious  of  Eanvier. 

The  presence  of  trne  mednllary  sheaths  in  certain  nerves  of 
invertebrates  bas  freqnently  been  asserted,  but  is  nnder  ail 
circumstauces  a rare  occurrence.  Withont  entering  into  the  older 
researches,  we  niay  qnote  the  investigations  of  Eetzins  on  Palacmon 
squilla,  and  of  Friedlander  in  Aunelids  {Mastohranchus,  Lumhricus), 
as  proving  the  existence  of  mednllated  nerve-fibres  in  invertebrates. 

The  nerve-fibres  of  Palacmon  présent  the  niost  exact  structural 
conformity  with  the  mednllated  nerves  of  vertebrates.  In  these, 
Eetzins  was  able  by  the  silver  niethod,  and  also  by  methylene 
bine,  to  show  characteristic  figures  corresponding  with  Eanvier’s 
crosses,  as  well  as  Eronimann’s  lines,  corresponding  with  the 
constrictious,  and  appearing  at  definite  and  regnlarly  reenrring 
intervals  (Fig.  155).  Between  the  nodes  there  is  a long  oval 
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nucléus,  whicli  obviously  corresponds  witli  Schwann’s  nuclei  in 
niedullated  vertebrate  nerves,  although  lîetzius  disputes  tlie 
existence  of  tlie  sbeatb  of  Schwanu,  not  nierely  in  the  splanchnic 
cord,  but  also  in  peripheral  nerves.  The  inyelin  sheath  runs 
uninterruptedly  from  one  constriction  to  the  next,  exhibits  double 
contours,  and  a shilling,  fatty  appearance  ; after  treatment  with 
osmic  acid  the  sheath  becomes  first  gray,  then  black,  exactly 
like  the  medullary  sheath  of  vertebrate  nerve-fibres  (6). 

The  Axis-Cylinder 

The  finer  structure  of  this,  the  functionally  niost  important 
part  of  the  nerve-fibre,  is  again  much  disputed.  Apart  from 
the  undoubted  difficulties  of  investigation,  there  is  no  doubt 
that  the  inost  appropriate  objects  bave  not  in  many  cases  been 
selected  for  experiment.  On  the  one  hand  large  éléments  are 
required,  on  the  other  absence  of  thick  sheaths  which  may 
obscure  the  field  of  the  microscope.  It  is  a priori  obvions 
that  niedullated  fibres  must  be  less  favourable  objects  than  the 
non-medullated  fibres  of  vertebrates  and  invertebrates.  And, 
in  fact,  that  theory  of  the  structure  of  the  axis-cylinder  which 
is  niost  widely  current,  and  appears  morphologically  and  physio- 
logically  the  best  - grounded,  is  fundanientally  derived  from 
observations  on  the  nerve  - fibres  of  invertebrate,  and  non- 
medullated  fibres  of  vertebrate  animais.  As  early  as  1843  Eeniak 
noted  a bundle  of  fine  fibrils  in  certain  giant  nerve-fibres  of  the 
ventral  cord  of  the  crayfish,  in  place  of  the  axis-cylinder,  and 
M.  Schultze  subsequently  embraced  the  view  of  a uniform 
fibrillated  structure  of  the  axis-cylinder  in  ail  nerve-fibres.  He 
pointed  out  that  (more  especially  in  the  thick  niedullated  fibres 
from  the  latéral  columns  of  the  spinal  cord,  “ in  which,  since 
there  is  no  sheath  of  Schwann,  the  axis-cylinder  can  be  readily 
isolated,  either  in  the  fresh  state,  or  still  better  after  macération 
in  iodised  sérum  ”)  a parallel  striation  and  a finely-grannlated 
substance  between  tlie  striæ  may  be  distinguished  with  a high 
power,  which  can  only  indicate  “ a composition  of  fibrils  and 
interfibrillar  substance.”  Even  within  the  medullary  sheath, 
Schultze  was  able  to  detect  the  sanie  structure  of  axis-cylinder 
in  the  thick  fibres  fi'oiii  the  brain  of  the  torpédo.  Very  significant 
again  for  the  fibrillated  structure  of  the  axis-cylinder  are  the 
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varions  observations  ou  its  origin  from  tlie  corresponding  cells, 
niade  by  M.  Scbnltze  ou  the  large  iierve-cells  of  the  spinal  cord 
aud  braiu  iii  vertebrates,  aud  by  Haiis  Scbnlze  witli  eveu  greater 
snccess  ou  iuvertebrates,  lu  both  cases  the  bodies  of  the 
çjaugliou- cells  also  showed  a uiore  or  less  defiuite  fibrillated 
structure,  vdiicb  was  most  obvions  iu  the  cortex.  ïliis  was  the 
more  easy  to  recoguise  siuce  adjacent  fibrils  were  separated  by 
comparatively  thick  layers  of  plasmatic  grouud-snbstance.  The 
complicated  course  of  the  single  small  fibres  withiii  the  cell 
appeared,  accordiug  to  M.  Schultze,  vvith  spécial  clearuess  iu 
certain  conspicnons  mnltipolar  gaugliou-cells  iu  the  braiu  of  the 
torpédo,  where  it  is  easy  to  recoguise  that  the  fibrils  partly 
radiate  iu  different  directions  from  each  process  iuto  the  body 
of  the  cell,  aud  partly  describe  coucentric  circles  round  the 
central  nucléus.  Auy  doubt  as  to  the  pre- existence  of  a 
fibrillated  structure  of  the  axis-cyliuder  was  finally  removed  by 
the  investigation  of  the  broad  non-medullated  nerve-fibres  of 
Pdromyzon,  which  are  even  better  adapted  than  certain  fibres 
of  iuvertebrates  {e.g.  crayfish)  to  denionstrate  these  structural 
relations  in  the  living  préparation  (Schiefferdecker,  7).  Within 
the  sheath  of  Schwann  two  substances  may  usually  be  recoguised  : 
(«)  a bundle  of  the  finest  fibres  situated  in  the  axis  (nerve-fibrils, 
axis-fibrils),  which  often  exhibit  au  undulating  course,  and  are 
closely  invested  with  (h)  a homogeneous  substance,  which  no 
doubt  pénétrâtes  into  the  interior  of  the  “ axial  filament,”  as 
Schiefferdecker  named  the  bundle  of  fibrils — and  there  séparâtes 
the  single  fibrils,  some  0’4  g thick  (Fig.  152).  There  is  between 
the  latter  and  the  homogeneous  ground  - substance  (Kolliker’s 
neuroflasm,  “ ao:oplasma  ”)  a similar  relation  to  that  iu  smooth 
and  striated  muscle-fibres  between  contractile  fibrils  and  sarco- 
plasm.  The  layer  of  axoplasm  is  best  developed  in  the  thickest 
nerve-fibres,  and  forms  a smaller  constituent  of  the  entire  axis- 
cylinder  in  proportion  as  the  filtres  are  more  slender.  Tins  is 
plainly  seen  in  transverse  sections  of  hardened  nerve-fibres  (Fig. 
156).  The  central  ljundle  of  fibrils  seems  to  be  almost  equally 
developed  in  large  and  in  small  fibres,  while  the  extent  of  the 
axoplasma  varies  considerably.  “With  decreasing  diameter  of 
axis-cylinder,  the  mass  of  axoplasm  diniinishes  more  rapidly  in 
Petromyzon  than  the  number  of  tiljrils.  Since  these  last  are 
probably  the  true  conducting  substance,  it  is  impossible  in 
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Fctromyzon  to  clraw  any  direct  conclusion  at  ürst  hand  froni  the 
diameter  of  the  axis-cylinder  as  to  bulle  of  conducting  substance. 
The  distance  between  two  fibrils  is  always  greater  than  the 

diameter  of  the  fibrils  ; wbicb  are  there- 
fore  separated  by  a comparatively  large 
mass  of  axoplasm.  The  fibrils  of  Petro- 
myzon  are  excessively  unstable,  and  are 
\dsible  only  during  life;  as  soon  as  they 
begin  to  die  they  break  up,  even  wben 
Fio.  156.— T.s.  of  axis-cyiindera  exaiîiined  iii  the  sei’um  of  the  same 

froin  trigeininal  nerve  of  . - . „ . n i i 

Petromyzon  fltiviatiiis.  animal,  into  fille  graniilcs  of  bigh  refractile 

(Schiefferdecker.)  powei’,  wliicli  at  first  lie  in  rows,  corres- 

ponding  with  the  fibrils  of  which  they  are  the  disintegration  product. 
Witb  advancing  dissolution  the  axial  bundle  flows  away  in  a viscid 
mass,  along  with  the  firnier  substance  of  the  axoplasma.”  The 
fibrils  appear  less  capable  of  résistance  than  the  axoplasm. 
“ Shortly  after  death  nothing  remains  of  the  fibrils  ; in  their  place 
there  is  a knotty  string,  which  lias  often  been  figured.”  (Schieffer- 
decker’s  words,  tliiis  quoted,  are  confirmed  by  the  observations  of 
Biedermann.) 

It  is  far  more  difficult  to  discover  the  structure  of  the  axis- 
cylinder  in  the  nerve-fibres  of  the  liigher  vertebrates,  which  are 
surrounded  with  a thick  mediillary  sheath  ; and  this  no  doubt 
accounts  for  the  current  divergences  of  opinion.  We  should 
a priori  assume  that  the  structural  relations  of  the  axis-cylinder 
would  coincide  in  ail  essential  points  tliroiighoiit  the  animal 
kingdom.  When  the  existence  of  a fibrillated  structure  lias  been 
determined  in  one  case,  it  iiiay  almost  be  postiilated  that  fibrils 
are  everywhere  the  proper  constitiients  of  the  cylinder-axis.  And 
this  presiimption  of  Kemak  and  ]\Iax  Schultze  bas  in  fact  been 
confirmed  by  the  reniarks  of  Engelniann,  Kiipffer,  ]\Ialey,  Boveri, 
Kolliker,  Jacobi,  Joseph,  and  others — ueither  v.  Fleisclil’s  theory, 
that  the  axis-cylinder  is  a coliimn  of  fliiid,  nor  that  of  Kuhnt, 
that  the  axial  space  is  filled  with  “a  soft,  soniewhat  elastic, 
homogeneous  mass,  finely  or  coarsely  graniilated,”  and  that  the 
fibrillar  longitudinal  striæ  are  folds  of  the  siipposed  “ axis- 
cylinder  sheath,”  having  any  foundation. 

As  in  the  noii-mediillated  fibres  of  Petromyzon  and  certain 
invertebrates  (crayfish),  so  in  mediillated  fibres,  the  axis-cylinder 
is  composed  of  a soft  groiind-siibstance  rich  in  water,  and  of 
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apparently  gelatinous  consistency  (tlie  “ axoplasina  ”),  and  the 
fibrils  embedded  in  tlie  saine.  But  while  in  the  above  examples 
the  fibrils  constitnte  a central  bundle,  more  or  less  thickly 
invested  with  axoplasma,  in  medullated  fibres  they  are  distributed 
equally  over  the  entire  section  of  the  axis-cylinder,  so  that  the 
investing  layer  fails  to  appear,  and  forms  an  insignificant  marginal 
zone.  With  appropriate  reagents  (acid  fnchsin,  bismarck  brown, 
etc.)  the  fibrils  are  distinct  upon  the  longitudinal  aspect  of  the 
fibres  as  well  as  at  the  cross-section.  It  then  appears  that  the 
fibrils  lie  doser  together  and  are  united  by  less  cement-substance 
at  the  constrictions,  so  that  the  axis-cylinder  is  most  slender  at 
these  points  (Fig.  157).  Engelmann  (8)  argues  in  favour  of  a pre- 

O 


Fig.  157. — L.  and  T.S.  of  medullated  nerve-fibre  from  frog’ssciatic  nerve  (osmic  acid,  acid  fuclisin). 

Xodes  of  Raiivier  and  two  Lantermann’s  notches,  flbrillar  structure  of  axis-cylinder. 

formed  discontinuity  of  fibrils  at  the  nodes,  chiefiy  on  the  ground 
that  the  axis-cylinder  under  certain  conditions  exhibits  a break 
in  continuity  at  the  point  of  constriction,  “ corresponding  with 
tlie  black  cross-lines  of  the  silver  reaction  ” (Engelmann’s  Qucr- 
scheibc).  Engelmann’s  reasoning  was  subsequently  rejected,  and 
cannot  therefore  be  cited  in  support  of  the  view  that  the  medul- 
lated nerve-fibre  consiste  of  single  juxtaposed  cells  {cf.  Jacobi, 
Boveri) — an  assumption  that  is  disproved  by  recent  embryo- 
logical  observations.  It  may  be  remarked  that  Ehrlich’s 
“ intravital  ” methylene-blue  method  lias  never  (in  Biedermann’s 
expérience)  brought  out  distinct  traces  of  fibrillar  structure  in  the 
axis-cylinder  of  fresh  préparations,  either  in  medullated  or  in 
non-medullated  fibres  ; on  the  other  hand,  certain  splanchnic 
fibres  of  Hirudo  medicinalis  stained  by  tins  method  show,  after 
treatment  with  picrate  of  ammonia,  an  unmistakable  construction 
from  single  fibrils.  It  is  still  uncertain  whethër  the  axis-cylinder 
as  a whole  (fibrils  + neuroplasm)  may  not,  in  addition  to  its 
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other  investments  (sheath  of  Scliwanu,  medullary  sheatli),  also 
possess  a spécial  délicate  sheatli  ("  axis-cylinder  sheath  ”).  In 
isolated  cases  this  certainly  appears  to  exist,  always,  however, 
as  an  excessively  fine  layer,  liardly  to  be  counted  as  a membrane 
proper. 

The  extreme  instability  of  the  substances  of  which  the  axis- 
cylinder  consists,  leads,  when  it  is  treated  with  reagents,  to  the 
appearance  of  many  morphological  changes  which,  without  due 
précautions,  might  easily  lead  to  fallacies.  Such  is  the  marked 
wrinkling  induced  even  by  physiological  sait  solution,  and  still 
more  by  ail  strongly  dehydrating  methods  of  hardeniug,  such  as 
alcohol,  chromic  acid  and  its  salts,  etc. 

For  the  same  reason,  stained  sections  of  nerves,  hardened  in 
chromic  acid  solutions,  or  salts,  usually  fail  to  give  a correct 
picture  of  the  ratio  between  size  of  axis-cylinder  and  medulla, 
since  the  axis-cylinder  shrinks  up  within  the  swollen  medullary 
sheath,  and  forms  in  cross-section  the  well-known  “ sun-fiçures.” 

The  osmic  acid  method  gives  better,  tliough  still  not  un- 
exceptiouable,  results.  The  ratio  between  axial  space  and 
medulla  was  estimated  by  M.  Joseph  in  the  electrical  nerves  of 
Toiyedo  as  1 : 3—5.  Within  this  great  axial  space  the  combined 
osmic  acid  and  alcohol  method  gives,  both  in  longitudinal  and  in 
trausverse  sections,  a very  délicate  network  (“  axial  réticulum  ” of 
Joseph),  which  Joseph  assumed  to  be  preformed,  and  the  meshes 
of  which  should  contain  the  axial  fibrils,  that  do  not  appear  in 
préparations  treated  by  this  method.  Joseph  further  asserted 
that  the  “ axial  réticulum  ” is  in  direct  connection  with  the 
neurokeratin  network  of  the  medullary  sheath;  but  this,  as  Kolliker 
justly  remarks,  is  rather  evidence  against  preformation,  since  the 
existence  of  the  latter  as  a preformed  constituent  of  the  medullary 
sheath  is  at  least  doubtful.  The  figures  described  by  Joseph  in 
many  respects  resemble  the  structural  relations  predicated  by 
Bütschli  of  the  axis-cylinder  in  its  widest  sense.  The  fibrillated 
structure  here — -as  in  muscle — consists  of  a longitudinal  sériés  of 
rods,  the  thicker  latéral  walls  of  which  are  uuited  by  very  fine 
cross-bridges.  With  a medium  power  this  gives  the  appearance 
of  parallel  longitudinal  striation.  It  is  uncertain  whether  this 
rod-structure  of  Bütschli  is  really  preformed,  or  is  merely  the 
elfect  of  reagents.  In  tissues  of  such  excessive  lability  the  last 
liypothesis  is  always  possible.  Moreover,  there  are  certain 
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physiological  indications  in  favonr  of  isolated  and  separately 
conductiug  fibrils  (wliicli  would  be  ont  of  place  in  this  chapter), 
rather  than  a condncting  netvvork. 

The  presence  of  varicose  swellings  along  tlie  single  fibrils,  or 
finer  bundles  of  fibrils  (slender  axis-cylinders),  must  also  under  ail 
circumstances  be  regarded  as  the  effect  of  reagents.  These 
swellings  appear  freely,  and  in  fact  uniformly,  both  with  the 
gold  method  and  with  methylene  bine,  and  are  from  the  last  fact 
regarded  by  many  anthors  as  pre-existent.  And  the  regular 
i appearance  of  varicosities  in  the  end-plates  of  both  motor  and 
' sensory  nerves  in  still  living  organs  (muscles  able  to  twitch,  etc.) 
is  apparently  in  favonr  of  this  assuraption.  Nevertheless,  Bieder- 
mann,  along  with  many  others,  is  of  the  opinion  that  varicosities, 

I under  any  conditions  whatever,  are  abnormal  manifestations,  due 
to  commeucing  coagulation,  or  rigor — the  first  visible  sign  of 

• dissolution. 

One  important  fact  that  has  hitherto  been  overlooked  is  the 
. marked  variation  in  calibre  that  occurs  in  both  medullated  and 
1 non-medullated,  central  and  peripheral,  nerve- fibres.  This  is, 
•;  perhaps,  most  conspicuous  in  a large  nerve-trunk  stained  with 

• methylene  blue,  or  in  the  ventral  cord  of  crustacea  and  insects, 
] but  the  différence  is  also  striking  in  the  medullated  nerves  of 
: vertebrates.  If,  as  we  might  expect,  this  is  related  with  functional 

dissimilarity,  the  mere  anatomical  différences  (apart  from  physio- 
i.logical  reasons  to  be  considered  below)  would  be  decidedly 
I against  the  homogeneity  of  ail  nerve-fibres  so  often  insisted  on, 

‘ according  to  which  the  différences  of  excitatory  effect  must 
be  referred  solely  to  différences  in  the  terminal  organs.  As 
; regards  further  histological  details,  it  may  be  stated  that  large 
.1  ganglion -cells  usually  give  rise  to  thicker  nerve-fibres  than  the 
; small  cells,  and  that  ail  peripheral  fibres  beconie  finer  in  pro- 
1 portion  as  they  approach  their  (peripheral)  end  ; this  is  seen 
( more  especially  at  ail  bifurcating-points  of  motor  and  still  more 
of  electrical  nerves.  Within  the  central  System  the  contrary 
I often  occurs,  and  the  nerve-fibre  enlarges  in  diameter  from  the 
■ parent  cell  outwards. 


CHAPTEE  VIII 

CONDUCTIVITY  AND  EXCITABILITY  OF  NERVE 

I.  Phenomena  in  ISTerve-Eibres 

CoNDUCTiviTY  is  the  chief  and  indeed  exclusive  function  of  tlie 
nerve-fibre,  and  the  principal  facts  relating  to  it  hâve  next  to  be 
considered.  Tliere  is  absolutely  no  fundamental  différence  in 
the  conducting  of  an  excitatory  process  within  any  kind  of 
excitable  conductive  protoplasm,  e.g.  muscle  and  nerve.  In  both 
cases  normal  continuity  of  structure  seems  to  be  au  indispensable 
condition  of  conductivity,  the  excitation,  at  least  in  nerve-libres, 
being  directly  transmitted  from  point  to  point.  Eecent  conclu- 
sions as  to  the  finer  anatomy  of  the  central  System,  on  the 
other  hand,  render  it  highly  probable  that  there  is  here  an 
exception  to  the  rule,  inasmuch  as  the  transmission  of  excitation, 
more  especially  from  ganglion-cells  to  nerve-fibres,  and  vice  versa, 
is  effected  not  by  continuity  but  by  contact — contiguity — only. 

It  lias  already  been  pointed  ont  in  muscle  that  excitation 
under  certain  normal  conditions  remains  localised  to  the  directly 
excited  fibre,  and  does  not  cross  over  into  adjacent  fibres.  The 
saine  is  true  of  nerve,  wliether  medullated  or  non-medullated. 
Kühne  (9)  succeeded  in  exciting  single  fibres  of  the  frog’s  sciatic 
by  the  unipolar  niethod,  upon  which  only  the  correlated  muscle- 
fibres  contract.  The  isolation  and  independence  of  the  single  fibres 
is  confirmed  by  the  effect  of  partially  dividing  a nerve-trunk  ; 
only  a certain  part  of  the  tract  sujiplied  by  the  nerve  "will  then 
be  paralysed.  Wlieii  a nerve-fibre  bifurcates,  the  excitation  of 
the  trunk  is  of  course  transmitted  to  ail  its  branches.  The 
ramifications  are  iiiost  abundantly  developed  ivithin  the  central 
organs,  but  occur  also  in  the  peripheral  terminatious  (muscles, 
electrical  organs,  etc.),  and  even,  though  more  rarely,  aloug 
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the  nerve-trunk.  As  an  instance  of  the  first  \ve  need  only  recall 
tlie  wealtli  of  ramifications  of  the  single  processes  of  monopolar 


Fig.  158. — Ganglion-cell  with  riclily-developed 
nerve  processes  from  ventral  cord  of  cray- 
lish.  (Metliyl  blue  and  picric  acid.) 
(Biedennann.) 


ganglion-cells  in  the  ventral  cord  of  crnstaceans  and  worms  (Fig. 
158),  as  well  as  the  “ collaterals  ” from  the  vertebrate  spinal  cord, 
Here  the  hranching  obviously  forms  connection  between  varions 
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more  or  less  remote  parts  of  the  central  uervous  System.  The 
ramification  of  (peripheral)  nerve-fibres  is,  however,  most  striking 
in  the  electrical  organs  of  certain  fish  (vide  Electrical  Fishes), 
whicli  mnst  in  the  majority  of  cases  be  regarded  as  transformed 
muscles.  Thus  in  Malcqjterurus  the  whole  of  the  paired  organ, 
consisting  of  thousands,  of  separate  plates,  is  supplied  by  a single 
nerve  - fibre,  which  must  accordingly  bifurcate  an  immense 
number  of  times  in  order  to  subserve  each  electrical  plate,  and 
the  same  is  found  in  other  electrical  fishes.  These  are  the 
cases  which  throw  most  light  on  the  functional  significance  of 
the  bifurcation  of  peripheral  nerve-fibres.  It  is  obvions  that  tins 
must  occur  most  freely  in  cases  where  no  isolated  activity  of 
the  end-organ  is  required,  but  where,  ou  the  contrary,  the  indi- 
vidual  éléments  are  affected  as  far  as  possible  simultaneously, 
and  for  the  same  purpose.  This  also  applies  to  muscles  which 
subserve  movements  of  a low  degree  of  complexity,  e.g.  the 
rigidly-imprisoned  muscles  of  crustacea  and  insects,  where  the 
nerves  display  a wealth  of  ramifications  (Fig.  150). 

The  same  relations  exist,  according  to  Stannius,  in  most 
motor  nerves  of  fish,  and  in  those  to  certain  muscles  of  Amphibia 
(Fig.  159),  where  they  are  again  explained  by  the  low  grade  of 
co-ordiuated  movement  in  these  animais.  The  higher  the  latter, 
the  more  a muscle  is  appointed,  bundle  by  bundle,  to  engage  in 
co-ordinated  movements — the  more  local  will  be  the  distribution, 
and  the  less  numerous  must  be  the  ramifications,  of  its  motor 
nerve-fibres  (Fig.  159). 

As  regards  the  mode  of  division  in  the  non-medullated  fibres 
of  invertebrates,  there  is  a great  diversity,  both  in  the  central 
organs  and  in  the  periphery.  Every  kind  of  transition  exists, 
from  simple  dichotomous  brauching  to  the  richest  arborisation. 
As  two  main  types  we  may  take  the  ramifications  of  the  axis- 
cylinder  processes  from  the  central  ganglion-cells  in  the  ventral 
cord  of  worms  and  crustacea,  and  the  muscular  nerves  of  the  latter. 
Both  these  types  occur  along  the  same  axis-cylinder,  the  central 
and  more  or  less  richly  branched  portion  being  separated  from  the 
peripheral  expansion  by  an  undivided  or  but  little  branched  part. 
Within  the  central  organs  the  thick  fibres  give  off  numerous  and 
very  fine  latéral  branches,  which  again  arboresce  freely,  so  that 
the  différence  in  calibre  between  stem  and  branches  of  the  axis- 
cylinder  is  ofteu  considérable,  while  in  the  peripheral  expan- 
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sions  the  type  of  strict  dichotomous  branching  obtaius.  We 
could  liardly  find  a better  example  of  this  than  the  abductor 
muscle  of  the  craylish  claw  with  its  nerves(3).  Here  the  huer 
trunks  invariably  coiitain,  within  a stratified  sheath  of  connective 
tissue,  two  axis-cylinders  of  very  unequal  diameter,  and  stain- 


Fig.  159. — Nerve-corcis  from  tlie  costo-cutaneous  muscle  of  a frog  injected  with  methylene  blue, 
showing  numerous  divisions  and  Ranvier’s  crosses.  (Külliker.) 


ing  differently  with  methylene  blue.  If  these  are  followed  down 
to  the  periphery,  it  will  be  found  that  both  axis-cylinders  divide 
at  exactly  the  same  point  ; this  is  repeated  at  each  new  bifur- 
cation, even  to  the  finest  branches,  so  that  the  number  of  rami- 
fications is  conspicuously  increased  (Fig.  150).  Both  in  the 
central  organ  and  at  the  periphery,  the  ratio  of  magnitude 
between  trunk  and  branches  is  remarkable.  The  dicliotomous 
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division  ravely  occurs  so  that  both  branches  are  equal  in  diameter  ; 
one  twig  is  usnally  niuch  finer  than  the  other,  and  there  is  fre- 
quently  a inarked  disproportion,  since  a very  thick  axis-cylinder 
may  give  off  an  excessively  fine  latéral  branch. 

We  sball  bave  more  to  say  later  as  regards  the  mode  of 
division  of  vertebrate  nerves,  especially  under  tlie  interesting 
relations  which  obtain  in  the  electrical  organ  of  tlie  torpédo. 

The  law  of  isolated  conduction  does  not  apply  within  the 
central  organs  in  the  saine  sense  as  in  the  peripheral  nerves 
and  their  terminations.  Here  the  conditions  for  irradiation  of 
excitation  on  ail  sides  are  obviously  présent,  as  appears  more 
particularly  from  the  manifestations  of  strychnin  tetanus,  where 
the  stimulation  of  one  or  a few  seusory  nerve-fibres  may,  through 
the  spinal  cord,  throw  nearly  ail  the  striated  skeletal  muscles  into 
active  excitation.  If,  under  normal  conditions,  the  same  localised 
stimulus  calls  out  one  co-ordinated  (reflex)  movement  only,  con- 
fined  to  one  definite  group  of  muscles,  we  may  in  a certain  sense 
speak  of  isolated  conduction.  But  the  reason  why  the  excitation  in 
this  case  follows  definite  and  invariably  uniform  paths,  lies,  not  in 
a sharply-defined  anatomical  connection  of  the  nervous  structures 
involved  (since  these  must  on  the  contrary  be  connected  on  ail 
sides,  as  regards  conductivity,  within  tlie  central  organ),  but  in 
certain  spécial  conditions,  excitatory  or  conducting,  along  certain 
“ canalised  ” paths  “ or  lines  of  discharge  ” in  the  gray  inatter. 

Wherever  an  excitable  substance  is  endowed  with  highly- 
developed  conductivity,  tliere  is  inevitably  an  equal  irradiation  of 
the  excitatory  process  on  ail  sides,  so  that  it  almost  appears  inévit- 
able that  each  nerve-fibre,  like  a muscle-fibre,  must  conduct  in  both 
directions.  At  the  same  time,  the  fact  that  every  nerve-fibre  is 
iiaturally  connected  with  an  organ  of  excitation  and  a peripheral 
organ,  renders  it  impossible  that  any  direction  of  conductivity, 
other  than  from  the  former  to  the  latter,  should  produce  a recog- 
uisable  effect.  Many  efforts  hâve,  however,  been  made  to  obtain 
a direct  experimental  proof  of  the  matter.  Such  are  more  par- 
ticularly the  attempted  union  of  the  central  end  of  seusory,  and 
peripheral  end  of  motor,  nerve-fibres  that  hâve  been  divided. 

Without  going  into  the  earlier  and  by  no  means  uiiexcep- 
tionable  experiments  of  Bidder,  Bliilipeaux,  Vulpian,  and  others, 
who  endeavoured  to  unité  the  central  stump  of  the  seusory 
ranius  lingualis  trigemini  with  the  peripheral  end  of  the  hypo- 
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glossal  nerve,  we  may  refer  to  tbe  recent  rej)etition  by  Kochs  (1 0)  of 
Panl  Bert’s  experinient,  in  wliicb  tlie  exposed  tip  of  a rat’s  tail  was 
grafted  on  to  the  skin  of  the  back,  and  tben  cnt  off  at  its  original 
attachment  after  the  wonnd  had  bealed  up.  After  a short  time 
sensibility  is  restored  in  the  transplanted  tail,  apparently  indicat- 
ing  that  the  not  yet  degenerated  nerves  were  able  to  conduct 
excitation  in  a direction  opposed  to  the  normal.  These  experi- 
inents  were,  however,  shown  by  Kochs  to  be  qnite  inconclusive. 

On  the  other  hand  (apart  from  certain  observations  of  du  Bois- 
Eeyniond  on  the  transmission  of  tlie  négative  variation  in  both 
directions),  we  inust  reckon  as 
genuine  experimental  evidence 
for  the  double  couductivity  of 
nerve,  the  experiments  on 
brauching  nerv^e- fibres,  under- 
.taken  by  Kühne  (11)  in  the 
intra  - muscular  nerve  - branches 
of  different  frog’s  muscles,  e.g. 
sartorius  and  gracilis  ; by  Ba- 
buchin  in  the  still  more  siiitable 
organ  of  Malapternrus.  The 
délicate  nerve,  which  enters  the 
middle  of  the  sartorius  by  one 
side,  divides  within  the  muscle, 
so  that  the  single  fibres  that 
constitute  the  bifurcations  brandi  many  times  dichotomously. 
When  Kühne  threw  the  broad  upper  end  of  the  muscle 
into  heat-rigor  by  dipping  it  into  warm  oil  (Fig.  160  a),  the 
half  which  reniaiued  normal  twitched  on  cutting  the  rigored 
portion  with  scissors,  showing  that  excitable  nerve-fibres  could 
still  be  mechanically  excited  between  the  rigored  and  dead 
muscle  - fibres,  and  thus  carry  the  excitation  ccntripetally 
into  branches  which  divide  above  the  rigored  portion  of  the 
muscle.  Still  more  convincing  is  the  so-called  “ bifurcate  experi- 
ment,”  in  which  the  broad  end  of  the  sartorius  is  split  up  length- 
ways,  when  excitation  of  one  fork  nearly  always  produces  an 
accompanying  twitch  in  the  other  (Fig.  160  h).  Since  au  y propa- 
gation by  secondary  excitation  from  fibre  to  fibre  seems  to  be 
excluded  in  normal  muscles,  the  only  possible  interprétation  is 
that  one  twig  of  the  branched  nerve  which  supplies  both  forks 
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is  excited,  and  the  excitation  conducted  in  the  first  instance 
centripetally.  Later  on,  Kühne  attempted  the  same  experi- 
ment  successfully  on  other  muscles,  e.g.  in  the  frog’s  gracilis. 
As  is  seen  in  Fig.  160  c,  the  entering  nerve  divides  into  two 
branches  a,  b,  one  of  which  is  eut  round  so  as  to  form  a lobe  ; 
and  on  excitiug  this  (by  incision)  the  whole  muscle  invariably 
twitches.  Silice  in  this  case  also  there  are  divisions  of  the  fibres 
at  the  point  where  the  entire  nerve  divides,  the  experiment  is 
conclusive  for  centripetal  conduction  in  the  brandi  that  supplies 
the  lobe.  We  shall  return  later  on  to  Babuchin’s  experiment; 
in  this  there  is  a discharge  of  the  entire  organ  when  any  twig  of 
the  peripheral  ramification  of  a single  nerve-fibre  is  stimulated. 
As  in  Kühne’s  experiment,  the  excitation  in  the  centrifugal  nerves 
niiist  at  first  travel  centripetally,  in  order  to  spread  to  ail  the 
other  branches  (12). 

If  the  axis-cylinder  were  homogeneous,  the  bifurcate  experi- 
ment with  sartorius,  as  well  as  the  analogous  experinients  on 
other  muscles  and  on  the  electrical  organ  of  Mala2)terurus,  would 
be  clear  and  unimpeachable.  On  stiniulatiug  the  lesser  ranii,  the 
excitation  would  take  a backward  course  to  the  point  of  division, 
and  then  presuniably  travel  in  the  same  centripetal  direction  along 
the  fibres  of  the  trunk,  taking  the  normal  centrifugal  path  only  in 
the  other  peripheral  ramifications.  The  axis-cylinder,  however,  is 
not  homogeneous,  but  is  composed  of  fibrils,  and  there  is  much  to 
indicate  that  these  are  the  true  conducting  éléments.  Hence  we 
cannot  regard  any  tract  of  the  nerve  as  a physiological  unity, 
but  must  recognise  as  niaiiy  isolated  paths  of  conduction  as 
there  are  fibrils.  Then,  however,  the  results  of  the  bifurcate 
experiment  would,  as  Kühne  points  ont,  be  conclusive  for  double 
conduction  in  the  nerve  under  a succession  of  promises  only.  If 
the  law  is  admitted,  it  implies  at  the  dividing  point  of  a primitive 
fibre  a further  division  of  axis  - cylinder  fibrils  also  (Kühne). 
When  Max  Schultze  was  elaborating  Eemak’s  theory  of  the 
fibrillar  structure  of  the  axis-cylinder  he  came  to  the  opposite 
conclusion.  He  believed  tlie  nerve-fibres  to  contain  froin  the 
outset  ail  the  fibrils  destined  for  the  peripheral  expansions,  so 
that  in  the  branching  of  the  axis-cylinder  there  would  only  be 
au  unravelling,  or  bendiug  aside,  and  no  actual  division  of  fibrils. 
On  the  other  hand,  there  are  many  facts  against  this  conclusion. 
Wherever  nerve -division  is  présent,  the  sum  of  the  peripheral 
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sections  of  the  fibres  is  in  striking  disproportion  witli  tlie  cross- 
section  of  the  tnmk.  This  is  évident  on  comparing  the  incon- 
siderable  axis-cylinder  of  the  single  fibre  in  the  electrical  nerves  of 
Malaptcrurus  with  the  area  covered  by  the  sections  of  its  inniun  ér- 
able ramifications  (Fritsch  reckons  the  increase  at  346,760 
times)  : examination  of  any  muscle  that  is  rich  in  bifurcating 
nerve-fibres  proves  that  the  section  of  the  trunk  is  far  exceeded 
by  the  sum  of  the  sections  in  the  branches  nearest  to  it.  This 
is  obviously  uot  derived  from  increase  of  medullary  sheath,  and 
must  be  due  to  the  axis-cylinders,  so  that  two  possibilities  only 
remain  in  support  of  Schultze’s  hypothesis  ; the  fibrils  must  either 
become  thicker  towards  the  periphery,  or  diminish  in  number  at 
the  cost  of  the  stroma — neither  of  which  can  be  demonstrated 
(Kühne). 

The  study  of  nervous  excitation  is  much  complicated  by  the 
fact  that  the  excitatory  process  is  not  associated  with  any  directly 
perceptible  alterations  within  the  nerve.  We  are  everywhere 
thrown  back  upon  the  effects  at  its  peripheral  end,  foremost 
among  which,  as  a délicate  indicator  of  the  changes  taking  place 
in  the  nerve,  is  muscular  contraction.  Muscle — striated  muscle  in 
particular- — is  the  surest  index  of  nerve-excitation,  and  we  owe 
nearly  ail  our  knowledge  of  the  physiological  properties  of  peri- 
pheral nerve-fibres  to  experiments  on  motor  nerves.  On  stimu- 
lating  any  motor  nerve  there  is  a strikingly  rapid  reaction  from 
the  muscle  (whatever  the  distance  of  the  excited  point),  without 
any  perceptible  interval  between  moment  of  stimulation  and 
commencement  of  contraction,  no  matter  what  point  of  the  nerve 
is  excited.  This  formerly  led  to  very  exaggerated  statements  of 
the  rate  at  which  these  alterations  in  the  nerve  were  conducted, 
and  it  was  held  to  be  incalculable. 

Helmholtz  (13)  was  the  first  who  succeeded  in  measuring  the 
rate  of  conductivity  in  nerve,  by  means  (in  the  first  instance)  of 
Pouillet’s  method  of  time-measurement  (Fig.  161),  in  which  a 
battery  current  is  closed  at  P by  a switch  when  C is  opened,  at 
the  moment  of  excitation,  and  broken  again  at  B when  the  muscle 
begins  to  contract.  During  the  short  interval  between  P and  B 
the  current  passes  through  the  galvanometer  G,  and  causes  a 
perceptible  deflection  of  the  magnet  proportional  with  the  dura- 
tion of  closure.  If  two  points  of  the  nerve  are  stimulated,  one 
remote  from  the  muscle  (a),  the  other  as  near  it  as  possible  (h). 
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the  deflection  in  the  former  case  will  be  greater.  The  différence 
gives  the  tinie  in  which  the  excitation  travels  from  the  distal 

(central)  to  the  proximal 
(perij)heral)  point  of  exci- 
tation. At  a later  period 
Helmholtz  arrived  at  the 
same  resuit  by  a simpler 
method,  i.e.  the  graphie 
record  of  the  muscle 

twitches  on  stimulating 
two  points  of  the  nerve, 
as  widely  removed  as 

possible.  The  différence 
in  the  latent  period  of  the 
two  curves,  which  are 

Fig.  161. — Rate  of  transmission  of  excitation  in  inotor  obviously  UOU  - COincideilt, 
nerve  of  frog  (Pouillet’s  method).  (Helmholtz.)  ij.ii-  j. 

but  otherwise  congruent 
(Fig.  162),  corresponds  to  the  rapidity  with  which  the  excitation 
is  transmitted  in  the  intermediate  tract  of  nerve.  In  the 
motor  nerves  of  the  frog,  at  room  température,  this  is  about 
27  m.  per  sec.  Experiments  on  man  by  the  same  method 

(muscles  of  bail  of  thumb)  give  a much  higher  resuit  (34  m.). 

Further  observations  of  Chauveau  on  the  nerves  of  smooth 


Fio.  162.— Séparation  of  curves  of  twitch  on  exciting  the  frog’s  sciatio  close  to  the  .spinal  cord, 
and  5 mm.  from  the  knee.  (Engelmann.) 


muscles  in  mammals  are  interesting,  as  showing  that  tlie  rate  of 
conductivity  is  much  lower  in  these  than  in  the  nerves  of  striated 
muscle.  It  hardly  reached  8 m,  per  sec.  The  rate  of  conduc- 
tivity in  non-medullated  nerves  of  many  invertebrates  appears  to 
be  still  lower,  even  when  they  are  connected  with  striated 
muscles.  Frédéricq  and  Vandervelde  (15)  found,  according  to 
the  température  (10°-20°  C.),  6-12  m.  in  the  claw-nerves  of  the 
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lobster,  while  Fick  estimâtes  the  rate  of  transmission  in  the 
commissnral  nerves  of  Anodonta  at  1 cm.  per  sec.  only.  Von 
Uexklül  (16)  bas  recently  fonnd  values  of  400  mm.  to  1 m.  in 
tlie  nerves  of  the  mantle  of  Elcdone. 

W.  A.  Boekelmann  (17)  bas  recently  made  some  interesting 
attempts  to  estiniate  the  rapidity  of  conduction  in  the  non- 
medullated  fibrils  of  the  frog’s  cornea,  by  determining  the  interval 
at  which  a reflex  movenient  {retractio  bulbi)  appears  after  me- 
chanical  or  electrical  excitation  of  the  centre  and  periphery  of 
the  cornea  respectively.  The  saine  ratio  of  values  was  obtained 
as  for  the  medullated  fibres  of  the  trunk,  a fact  not  without  sig- 
nificance  to  the  question  whether  the  peristaltic  rnovements  of 
smooth  muscular  organs  dépend  upon  nervous  conductivity,  or 
upon  direct  propagation  of  the  stimulus  from  cell  to  cell. 

From  ail  these  calculations  we  arrive  at  the  important  con- 
clusion that  the  excitatory  process  in  nerve  is  transmitted  at  a 
comparatively  low  rate — incomparably  less,  at  ail  events,  than  the 
velocity  of  light  or  electricity.  If,  as  cannot  be  doubted,  there 
is  propagation  of  a material,  Chemical  alteration  of  the  sub- 
strate  (substance  of  axis-cylinder),  the  qualitative  constitution 
of  the  latter  cannot  fail  to  affect  the  process  of  conduction.. 
And,  in  fact,  the  dependence  of  rate  of  conductivity  upon  different 
physiological  conditions  in  the  nerve  is  well  known.  Helmholtz, 
in  his  investigations  on  the  motor  nerves  of  frogs,  observed  a 
niarked  retardation  of  conductivity  in  the  nerve,  as  tlie  effect  of 
cold.  Frédéricq  and  Vandervelde  again  found  that  the  rapidity 
of  nervous  conduction  in  the  lobster  depended,  to  a great  extent,. 
upon  season  and  température.  Nerve  in  this  respect  behaves 
analogously  to  muscle  and  ail  other  excitable  protoplasm.  This 
correspondence  is  another  proof  that  the  process  transmitted  in 
the  nerve  is  really  a similar  alteration  to  that  in  ail  excitable 
conducting  plasma,  i.e.  a Chemical  process  associated  with  metabol- 
ism.  These  observations  are  not  unnecessary,  in  view  of  certain 
facts  and  hypothèses  to  be  considered  later. 

Sustained  pressure  and  compression  of  the  nerve  may  seriously 
injure  conductivity,  and  it  is  to  be  remarked  that  this  seenis  to 
occur  in  a different  degree  in  motor  and  in  sensory  fibres — 
Lüderitz  (18)  and  some  others  finding  the  pressure-effect  earlier 
in  the  former,  Zederbaum  (19)  and  others  in  the  latter. 

The  action  of  anœsthctics  upon  the  conductivity  of  nerve  is- 
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very  vemarkable,  and  of  great  tlieoretical  interest.  We  found 
(vol.  i.  pp.  359,  450),  in  considering  the  effect  of  ether  on  muscle, 
that  conductivity  is  first  abolished,  next  contractility,  and  last  of 
ail  local  excitability.  This  last  is  still  expressed  in  certain 
secondary  electromotive  pbenomena  (including  the  positive 
polarisation  current),  and  in  tlie  démarcation  current,  at  a time 
when  contractility  is  already  abolished.  In  nerve  also,  conduc- 
tivity appears  to  suffer  in  first  degree  from  the  action  of  ether, 
chloroform,  alcohol,  etc.,  as  appears  directly  from  the  persistence  of 
the  nerve-current  with  abolished  conductivity  (if  this  be  accepted 
in  the  sense  laid  down  above  as  the  expression  of  persistent 
local  excitation).  By  using  a method  first  applied  by  Grünhagen 

(20) ,  the  conductivity  of  nerve  may  easily  be  abolished  locally 
if  the  narcosis  is  confined  to  the  lower  end  of  an  exposed  frog’s 
sciatic,  by  drawing  the  nerve  through  a glass  tube  which  leaves 
the  central  end  free,  and  is  itself  closed  at  both  ends  save  for  a 
small  opening  for  the  passage  of  the  nerve.  Three  other  glass  tubes 
are  fused  into  the  wall  of  this  tube  ; two  serve  to  lead  in  the 
gases  or  vapours,  the  third  is  for  the  électrodes  ; the  middle 
portion  of  the  nerve  rests  upon  the  électrodes.  There  will  then 
invariably  be  a stage  of  narcosis,  in  which  the  strongest  excitation 
cibove  the  narcotised  tract  is  ineffective,  while  a much  weaker 
stimulus  still  excites  hdoto  (i.e.  in  the  tube).  Eventually,  of 
course,  this  part  is  also  anæsthetised.  If  air  is  passed  through 
the  tube  the  normal  condition  will  be  reinstated.  Under  these 
circumstances,  therefore,  the  conductivity  of  the  nerve  is  ex- 
tiiiguished,  while  local  excitability  is  maintained,  and  even  at 
first  augmented,  in  the  narcotised  tract — a state  which  we  found 
to  be  the  rule  in  muscle  under  similar  conditions  (supra).  In 
these  experiments  again,  as  pointed  ont  by  Pereles  and  Sachs 

(21) ,  there  are  perceptible  différences  between  the  centripetal  and 
centrifugal  fibres  of  a mixed  nerve  (sciatic).  If  the  minimal 
stimulus,  which  discharges  a moveinent  of  the  foot,  is  first  deter- 
mined  above  the  central  tract  that  is  to  be  narcotised,  along  with 
the  strength  of  stimnlus  necessary  to  prodiice  a reÜex  movement 
of  the  leg  from  the  web  of  the  foot,  the  inévitable  conséquence 
of  narcosis  is  the  earlier  disappearance  of  refiex  than  of  direct 
movements.  The  saine  resuit  follows  even  more  infallibly 
from  analogous  experiments  in  which  the  nerve-trunk  is  excited 
by  tetanising,  now  above  and  now  below  the  etherised  tract. 
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Here,  too,  the  disturbance  of  tlie  body  caused  by  tlie  centripetal 
conduction  of  a sensory  excitation,  on  stiniulating  the  lower  point, 
is  the  first  to  die  away,  while  inovements  of  the  foot  can  still  be 
excited  froin  above,  although  the  stimulus  which  produces  them 
is  weaker  than  the  other.  “ In  local  narcosis  of  the  frog’s  sciatic, 
conductivity  is  first  abolished  in  the  sensory,  and  later  in  the 
niotor  nerve-fibres.  On  recovery  froin  narcosis,  the  motor  fibres 
sooner  become  capable  of  conducting  than  the  sensory  fibres.” 
^lore  exact  investigation  shows  that  the  ratio  between  con- 
ductivity and  excitation  in  nerve  may  alter  in  quite  another  sense. 
Grünhagen  (Le.)  observed,  at  a certain  stage  of  COg  narcosis,  that 
the  local  excitability  of  a (peripheral)  tract  of  nerve  may  be 
considerably  depressed,  while  the  effect  of  stiniulating  the  un- 
poisoned  part  of  the  nerve  is  unaltered,  although  the  excitation 
process  there  discharged  must  be  transmitted  througii  the 
narcotised  area.  Similar  experiments  were  carried  out  later  by 
Szpilmann  and  Liichsinger,  Hirscliberg,  Efron,  Gad  and  Sawyer, 
Goldscheider,  and  lately  in  detail  by  Piotrowsky  (22).  From 
these  the  very  significant  fact  appeared,  that  with  local  application 
of  alcohol  vapour,  ether,  or  cliloroform,  conductivity  was  as  a ride 
first  and  most  fandavientally  ajfected  at  such  parts  of  the  nerve,  hefore 
excitability  underxoent  any  perceptible  dimimdion.  With  COg, 
oxi  the  contrary,  as  xcell  as  CO,  conductivity  is  quite  unaffected, 
while  loccd  cxcitahility  is  quicldy  abolished.  These  observations 
are  the  more  strikiug  becaiise  they  seem  to  contradict  the  current 
opinion  that  excitability  aud  conductivity  are  in  the  same  ratio, 
i.e.  that  when  one  déclinés  the  other  sinks,  and  vice  versa.  Yet 
we  must  admit  the  double  capacity  of  nerve-fibres,  on  the  one 
hand  to  conduct  excitation,  on  the  other  to  be  thrown  into 
excitation  at  any  point  of  their  course  by  external  factors 
(stimuli),  to  be  but  different  expressions  of  the  same  fundamental 
property  of  nerve-substance,  and  consequently  inséparable.  The 
most  natural  conclusion  from  tins  is,  in  the  language  of  Hermann, 
that  the  excitatory  process  repeats  itself  constantly  diiring  con- 
duction— that  each  particle  of  the  nerve  falls  into  the  same  state, 
whether  it  is  affected  by  the  impulse  running  along  the  nerve, 
or  is  directly  excited  liy  an  external  stimulus,  so  that  the  process 
of  conductivity  is  first  initiated  in  it. 

From  this  point  of  view  conductivity  in  nerve  is,  like  every 
conductive  process  within  an  excitable  substance,  no  more  than 
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transmission  of  excitation  from  particle  to  particle,  and  inight  1 
tlius  be  designated  as  the  propagation  of  the  excitatory  process.  1 
On  the  other  hand,  there  are  several  indications  which  make  ;■ 
it  probable  that  excitability  (expectancy)  and  conductivity  are  dis-  j 
tinct  properties  in  nerve,  and  not  in  causal  inter-relation.  The  first 
exact  physiological  observation  of  tliis  was  inade  by  Munk  (23), 
who  noticed,  in  following  ont  the  changes  in  excitability  associated 
with  the  dying  of  the  nerve  in  a frog’s  nerve-muscle  préparation, 
that  the  principal  bifurcating  points  of  the  sciatic  nerve  could  be 
insensitive  to  the  strongest  electrical  stimuli,  at  a time  when  the 
muscle  still  responded  by  vigorous  twitches  to  a much  weaker 
excitation  applied  to  more  central  parts  of  the  nerve.  A better 
known  instance  is  that  of  Erb  (24),  who  found  that  when,  after 
crushing  the  sciatic  nerve  of  frog  or  rabbit,  régénération  had  set 
in,  and  the  lamed  extremities  were  again  moved  normally  by  the 
animal,  the  part  of  the  nerve  that  had  been  crushed,  and  was  now 
regenerated,  was  still  insensitive  to  electrical  stimuli.  Here,  too, 
we  must  include  the  more  complété  experiments  on  the  spinal 
cord  {infra)  by  which  Schiff  was  led  to  his  doctrine  of  “ æsthe- 
sodic  ” and  “ kinesodic  ” nerve-substance,  capable,  i.e.,  of  con- 
ducting,  but  not  directly  excitable.  Above  ail,  however,  the 
experiments  already  quoted  of  Grünhagen,  Efron,  Gad-Sawyer, 
Goldscheider,  and  Piotrowsky,  on  the  elfect  of  local  narcosis  ou  ÿ 
motor  nerve,  hâve  contributed  to  bring  forward  the  view  that  the 
two  processes  of  response  to  stimulus  and  conduction  of  stimulus  J 
are  distinct  from  one  another.  ludeed,  the  fact  that  a peripheral  | 
tract  of  nerve  imder  CO^  narcosis  is  inexcitable,  and  yet  transmits  | 
an  excitation  coming  from  a more  central  point,  hardly  admits  of  . 
any  other  interprétation,  save  that  excitability  and  conductivity  â 
may  alter  independently  of  each  other.  j| 

If  we  are  justified  in  regarding  the  proce.ss  concomitant  with  j: 
the  excitatory  condition  of  a nerve  element,  as  a stimulus  by  | 
which  the  element  longitudinally  next  to  it  is  excited,  conduc-  | 
tivity  must  be  a permeability  of  the  nerve  to  certain  in-  ; 

fluences  which  affect  it  in  the  longitudinal  direction.  We  may,  i 
with  Gad,  dénoté  tins  sen.sitiveness  as  “ longitudinal  lability.”  It  i 

is  conceivable,  and  even  probable,  that  the  stimulus  which  one  ^ 

nerve-molecule  exerts  upon  the  next  molécule  may,  although  closely  J 
related  to  an  external  stimulus,  or  ideutical  with  it,  tind  even  j 
more  favourable  conditions  than  the  latter.  This  assumption  (cf.  J 
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Hermann’s  Handbuch,  ii.  1,  p.  187)  iiiakes  it  possible  tliat  at  a 
certain  stage  of  localised  narcosis  local  capacity  of  respouse 
iiiay  hâve  suuk  considerably,  while  coiiductivity,  in  conséquence 
of  the  prédominance  of  “ longitudinal  lability,”  is  still  intact 
(Grüuhagen’s  COo  experiment).  Under  otlier  conditions,  on  the 
contrary  (as  in  treatment  with  alcohol),  direct  excitability  déclinés 
niuch  more  slowly  than  conductivity,  as  normally  occurs  in 
muscle.  In  view  of  this  fact,  we  shall  hardly,  with  Szpilmann 
and  Luchsinger,  interpret  the  reaction  as  signifying  that  the  exci- 
tation, starting  from  a distant  normal  point,  lias  to  pass  through  a 
longer  and  injured  tract,  losing  tliereby  in  intensity.  But  even 
Gad’s  view  of  a différence  in  the  longitudinal  and  transverse 
excitability  of  uerve  would  appear  to  be  fundamentally  impossible, 
siuce  the  inexcitability  of  nerve  to  pure  transverse  passage  of  cur- 
rent  is  as  well  established  for  nerve  as  for  muscle  (Biedermann). 
A true  grasp  and  right  interprétation  of  these  facts  will  only  be 
possible  when  we  kuow  more  about  the  manner  in  which  one 
excited  section  of  the  nerve  acts  as  a stimulus  npou  that  section 
next  to  it.  Innumerable  examples  show  us  that  the  excitatory 
condition  per  se  does  not  necessarily  imply  conduction  of  the  im- 
pulse to  the  contiguous  sections.  Localisation  of  persistent  closing 
and  opening  contraction,  the  “ positive  anodic  polarisation  ” (due 
to  purely  local  alterations)  of  the  narcotised  muscle,  the  graduai 
introduction  {einschlcichen)  of  even  strong  currents  into  nerve  and 
muscle,  ail  prove  sufficiently  that  the  conditions  of  development, 
particularly  as  regards  time,  of  the  excitatory  process  are  of  funda- 
mental  importance  to  its  propagation.  It  is  conceivable  that 
different  substances  might  so  affect  the  time-relations  of  the  trans- 
mission of  excitation  from  section  to  section,  that  the  effects  in 
question  could  be  interpreted. 

Helmholtz,  in  his  experiments  on  the  motor  nerves  of  frogs, 
employed  maximal  stimuli,  or  else  reduced  the  strength  of  stimulus 
at  one  point  of  excitation  only  so  far  that  the  twitches  were  equal  in 
magnitude.  The  experiments  which  he  undertook  later  with  Baxt 
(14)  on  man,  in  which  the  muscles  of  the  bail  of  the  thumb  were 
excited  by  stimulating  the  médian  nerve  at  two  different  places, 
appeared  to  show  that  the  latent  period  on  exciting  the  distal  point 
of  the  nerve  was  regularly  less  with  stronger  excitation,  while 
at  the  proximal  point  no  effect  from  altered  strength  of  excita- 
tion is  perceptible.  Hence  we  niay  conclude  that  strong  excitation 
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is  more  rapidly  traiismitted  in  nerve  than  a weak  stimulus. 
Tins  view  diids  support  in  the  later  investigations  of  Valentin, 
Troitzsky,  and  Wundt,  while  Eosenthal  and  Lautenbach  affirm 
that  conductivity  is  independent  of  strength  of  excitation.  From 
a recent  and  detailed  research  of  v.  Vintschgau  (25),  it  appears 
that  “when  a frog’s  nerve  is  initially  excited  at  two  different 
points  with  that  strength  of  stimulus  (induction  shocks)  whicli 
causes  the  first,  or  approximately  the  first,  maximal  twitch,  and 
the  stimuli  are  suhsequently  increased  from  that  point,  there  is  a 
certain  range  within  which  the  rate  of  transmission  of  the 
nervous  excitation  undergoes  no  essential  alteration.”  So  soon, 
however,  as  this  has  been  exceeded,  the  rapidity  with  which  the 
excitation  is  transmitted  increases  with  the  further  augmentation 
of  the  stimulus,  till  it  becomes  impossible  to  measure  it.  A.  Fick 
(26)  found  in  the  non-medullated  commissural  nerves  of  Ano- 
clonta  that  a strong  stimulus  was  more  rapidly  transmitted  in  the 
nerve-fibre  than  a weaker  excitation,  and  S.  Fuchs  (27)  has 
recently  arrived  at  the  same  resuit  in  determiniug  the  rate  at 
which  the  négative  variation  is  transmitted  in  the  non-medullated 
nerves  of  the  mantle  of  Elcdone. 

II.  Phenomexa  IX  Fibres  Associated  with  Nerve-cells 

(PiEFLEX  AcTIVITY) 

At  this  point  it  is  désirable  to  discuss  the  question  lohetlier 
the  intcrjMlation  of  ganglionic  éléments  upon  the  course  of  the  nervc- 
fibre  has  any,  and  if  any,  hoio  much,  effect  upon  the  transmission  of 
excitation. 

In  stimulating  inotor  fibres  outside  the  central  organ,  this 
question  has  of  course  but  little  application  ; the  most  that  can 
be  ascertained  is  whether  the  transmission  of  excitation  from  nerve 
to  muscle  produces  any  perceptible  delay  in  conduction  or  no. 
Certain  experiments  of  Bernstein  {infra)  seem  to  indicate  that 
such  is  the  case. 

Far  greater  importance  attaches  to  the  interpolation  of 
ganglion -cells,  in  ail  excitatory  experiments  where  parts  of  a 
central  organ  are  excited  directly,  or  by  means  of  centripetal 
nerves.  Exner  (28)  examined  into  the  seemingly  simple  case 
in  which  the  only  question  is  whether  the  interpolation  of  a 
single  ganglion -cell  elfects  any  marked  alteration  in  rate  of 
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conductivity.  It  is  plain  that  if  tbe  time  occupied  by  tbe 
passage  of  excitation  tbrougb  tbe  ganglion  is  perceptibly  longer 
tban  tbe  known  time  of  conductivity  tbrongb  an  eqiial  tract 
of  normal  nerve-fibre,  tbere  must  be  an  interruption  of  some 
kiud.  Tbe  only  bistological  éléments  in  tbe  ganglia  wbicb  eau 
présent  sucb  an  interruption  are,  bowever,  tbe  ncrve-cells.  Tbe 
relations  are  far  simpler  bere  tban  in  tbe  central  nervous 
System,  wbere  also  tbe  time  occupied  by  tbe  transmission  of  exci- 
tation bas  been  taken  as  a proof  of  tbe  existence  of  spécial  éléments 
interpolated  along  tbe  course  of  tbe  simple  conducting  patbs;  tbere, 
bowever,  tbe  delay  in  transmission  must  be  referred  not  merely  to 
nerve-cells,  but  also  to  tbe  nervous  network  wbicb  is  possibly 
présent.  Exner,  wbo  undertook  to  détermine  tbe  time  in 

L wbicb  tbe  centripetal  wave  of  excitation  traverses  tbe  frog’s 
I spinal  ganglia,  employed  Berustein’s  rbeotome  to  measure  (on 
tbe  sciatic,  ganglion,  and  posterior  root)  tbe  interval  between  tbe 
excitation  of  tbe  sciatic  and  tbe  arrivai  of  tbe  négative  variation 
iin  tbe  fibres  of  tbe  posterior  root,  as  led  off  to  tbe  galvanometer. 
He  obtained  figures  below  those  quoted  by  Bernstein  for  tbe 
rapidity  in  normal  peripberal  nerve,  and  concluded  tbat  con- 
: ductivity  was  not  blocked  at  tbe  ganglion.  Tbe  rbeotome  metbod 
is,  bowever,  open  to  many  objections.  Wundt  (29)  bad  pre- 
iviously  tried  to  détermine  tbe  point  by  testing  tbe  influence  of 
tbe  spinal  ganglia  upon  reflex  excitability.  Curves  of  twitebes 
:from  tbe  muscles  of  one  leg  (in  tbe  frog),  obtained  by  alternately 
iexciting  tbe  opposite  sciatic  trunk  and  a posterior  root  on  tbe 
1 central  side  of  tbe  ganglion  (between  tbe  ganglion  and  tbe  spiual 
cord),  invariably  gave  a marked  différence  of  latent  period,  corre- 
isponding  witb  a delay  in  conductivity  at  tbe  ganglion.  Gad  (30) 
uepeated  tbe  same  experiments  on  tbe  jugular  ganglion  of  tbe 
babbit’s  vagus.  Tbe  reaction  to  be  determined  was  in  tins  case 
'tbe  reflex  modification  of  respiratory  movements,  by  excitation  of 
itbe  vagus.  Tbe  sole  variable  was  tbe  point,  alternately  central 
and  peripberal  to  tbe  ganglion,  at  wbicb  tbe  stimulus  was 
lapplied.  Tbe  respiratory  movements  were  grapbically  recorded 
by  tbe  usual  metbod,  and  in  order  to  ensure  uniformity  of 
cxternal  conditions  at  tbe  centre  during  tbe  respective  tests, 
ipnœa  was  induced,  or  tbe  stimuli  were  carefully  regulated  for 
idie  same  phase  of  respiration.  Tbe  reaction-time  yielded  by 
-cbese  experiments  was — 
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^Yitll  excitation  periplieral  to  tlie  ganglion  0‘123  sec.  (average  of  148  experiments) 

,,  central  „ 0 '087  sec.  ( „ 97  „ ) 

Différence  . . 0'036 

V.  UexküH’s  receiit  experiments  on  the  fimction  of  the  stellate 
ganglion  in  Eleclone  moschata  (16)  bear  on  the  same  question.  A 
large  number  of  nerves  (stellar  nerves)  racliate  laterally  from 
this  ganglion,  and  supply  the  muscles  of  the  skin  and  mantle. 

“ On  exciting  the  stellar  nerves  the  near  muscles  first  corne 
into  action,  and  then  the  more  distant,  in  ratio  with  the  con- 
ductivity  of  the  nerves.  With  excitation  above  the  ganglion 
the  contraction  of  the  near  muscles  is  delayed,  as  is  expressed  in 
the  gentler  rise  of  the  curve.  The  apex  is,  however,  steeper, 
thus  showing  that  the  total  effect  on  ail  the  muscles  is  com- 
pressed  into  a shorter  time.  The  ganglion  stdlatum  would  thus 
appear  to  correct  the  slower  conductivity,  since  it  enahles  the 
muscles  of  the  mantle  to  perform  more  synchronie  and  therefore 
more  effective  movements.” 

If  the  différence  in  rejlex  time,  on  stimulating  at  different  points, 
thus  affords  a gauge  of  the  influence  exerted  by  the  ganglion- 
cells  interpolated  along  the  nerve-fibre,  upon  the  time-relations 
of  the  excitatory  process,  the  same  is  no  less  évident  from  the 
character  of  the  reflex  period  itself.  A rellex  movement  (i.e.  a 
motor  impulse  in  the  muscular  apparatus  in  conséquence  of  a 
centripetal  stimulus)  can  only  occur  when  the  centripetal  path,  f) 
which  is  first  traversed  hy  the  stimulus,  is  connected  with  the 
efferent  path  hy  nieans  of  the  central  nervous  System.  The 
solitary  ganglia  of  invertehrates,  the  spinal  cord  and  bulb  in 
vertebrates,  are  more  especially  the  seat  of  these  nervous  pro-  | 
cesses.  In  1855  Helmholtz  first  pointée!  ont  that  the  time  | 
hetween  the  impact  of  a stimulus  and  the  corresponding  reflex  | 
movement  of  a striated  muscle  was  10—12  times  longer  than  the 
time  required  to  conduct  an  impulse  in  a peripheral  nerve  of  the  ^ 
same  length.  This  assumes  the  rate  of  conductivity  to  be  approxi-  { 
mately  equal  in  motor  and  in  sensory  nerves,  as  does  in  the  t 
above  experiments  appear  to  he  the  case.  ^ 

The  duration  of  an  entire  reflex  process  niay  he  summed  up  1 
in  three  factors:  (1)  the  time  occupied  by  conduction  in  a i 
centripetal  nerve,  from  the  point  of  stimulation  to  the  central 
end  ; (2)  the  time  which  elapses  hetween  the  arrivai  of  the  | 
excitation  at  the  centre,  and  its  transmission  to  the  central  end  | 

f. 
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of  tlie  centrifugal  (motor)  nerve  ; tliis  is  tlie  “ refiex  tinie  ” proper 
(Exner’s  “ reduced  reliex  period  ”)  ; (3)  tlie  time  required  by 

the  excitation  to  traverse  the  motor  nerve  and  evoke  a contrac- 
tion in  tlie  ninscle. 

The  rate  of  condnctivity  nsually  accepted  for  frog’s  nerve,  i.e. 
27  ni.  per  sec.,  is  by  no  means  an  invariable  figure.  Helmholtz 
indeed  assumes  tbat  the  excitation  is  transmitted  at  constant 
rapidity,  but  tins  is  neither  certain  nor  even  probable.  These 
figures  must  therefore  stand  for  an  npper  liniit  of  the  reflex  period, 
and  in  longer  nerves  than  those  employed  there  would  presumably 
, be  a lower  rate  of  transmission.  Even  with  these  réservations, 
r however,  Helmholtz’s  facts  are  incontestable.  The  excitatory  pro- 
cess  nndergoes  a considérable  retardation  duriiig  its  passage 
'through  the  spinal  cord  from  sensory  to  motor  fibres.  TMs  dday 
■.must  be  attributed  to  the  structure  of  the  nerve-cells,  in  virtue  of 
lohich  thcy  are  distinct  from  thcir  processes,  the  nerve-fibres.  The 
i différence  of  constitution  is  best  expressed  by  saying  that  the 
I central  nervous  orgaii  présents  greater  résistance  to  the  transmis- 
sion of  excitation  than  the  sensory  or  motor  peripheral  paths. 

Like  rapidity  of  conduction  in  peripheral  nerve,  only  in  a 
imuch  higher  degree,  the  reflex  time,  as  the  expression  of  the  rate 
Bt  which  excitation  is  transmitted  within  the  central  organs,  is 
iconditioned  by  several  factors,  and  is  itself  very  variable. 

The  length  of  tract  within  the  central  organ,  or,  as  it  may 
iperliaps  be  expressed,  the  nnmber  of  ganglion -cells  to  be 
vraversed,  is  of  great  importance.  One  fact  must  be  mentioned  by 
I tvhich  central  is  distinguished  from  peripheral  condnctivity, 
uid  is  rendered  very  complex.  Each  central  organ  consists 
’ if  course  of  a multitude  of  nerve-cells,  with  centripetal  and  centri- 
i ugal  fibres.  If  the  law  of  isolated  conduction  obtained  strictly 
vithin  the  centres  also,  so  that  each  conducting  path  was  isolated 
us  in  the  peripheral  nerves,  each  impulse  from  an  afferent  nerve- 
Obre  could  hâve  but  one  definite  localised  eff'ect,  tbat  would  never 
vary  under  any  circumstances.  If,  on  tbe  other  hand,  we  recog- 
lise  that  the  connection  of  different  fibres  by  ganglion -cells 
( which  finally  establish  a doser  or  more  remote  relation  betweeu 
h11  departrnents  of  the  central  organ)  admits  of  conduction  in 
ill  directions  with  equal  facility,  then  impulses  arriving  at  any 
oart  of  the  central  organ  would  radiate  diffusely  without  pro- 
ducing  any  definite  and  localised  action.  Xeither  the  one  nor 


70 


ELECTRO-PHYSIOLOGY 


CHAP. 


tlie  other  bypotliesis,  however,  covers  the  case  of  reflex  move- 
inents,  the  pecuHarities  of  wliich  are  remarkable  even  in  the 
lower  vertehrates.  The  inovements  involved  are  always  co- 
ordinated,  i.e.  they  origiiiate  in  the  activity  of  a defînite  number 
of  definitely  grouped  muscles.  This  is  most  obvions  in  reflex 
movements  in  the  narrower  sense,  i.e.  in  those  movements  pro- 
duced  in  striated  skeletal  muscle,  after  exciting  a seiisory  nerve 
through  a central  organ. 

If  the  end  of  a toe  is  pinched  in  a decapitated  frog,  the 
leg  is  withdrawn,  and  then  remains  quiescent.  This  is  a typical 
reflex,  via  the  spinal  cord.  The  excitation,  acting  on  the  sensory 
nerves  of  the  skin,  travels  centripetally  from  the  periphery  to 
the  spinal  cord,  and  gives  rise  to  an  impulse  in  the  coutrary 
direction — from  cord  to  certain  muscles  of  the  leg.  In  this,  and 
ail  similar  cases,  we  must  assx;me  a definite  irradiation  of 
the  excitation  in  the  central  organ,  for  the  number  of  motor 
fibres  excited  is  obviously  in  considérable  excess  of  the  number 
of  primarily  excited  sensory  fibres.  Any  touch,  or  least  contact 
of  the  skin,  with  the  fine  point  of  a needle,  suffices  to  throw  a 
great  number  of  muscles  into  simultaneous  contraction,  and  as  in 
the  sensitive  mimosa  we  concluded  from  the  diffuse  reaction  con- 
séquent on  local  excitation,  for  the  propagation  of  the  stimulus 
along  certain  paths,  so  in  this  case  we  must  assume  that  each 
sensory  fibre  is  functionally  connected  with  many  motor  fibres 
within  the  central  organ — ail  possibility  of  transmission  ceasiug 
as  soon  as  the  latter  is  destroyed.  The  lato  of  isolatcd  condiiction, 
luhich  is  universally  valid  in  the  région  of  the  peripheral  nervous 
System,  docs  not  thcrefore  hold  good  for  reflex  processes.  From 
the  facts  already  discussed  we  may  affirm  that  if  it  were  possible 
to  excite  a single  primitive  fibre  of  a motor  nerve,  the  muscle- 
fibres  which  are  supplied  by  this  fibre  would  alone  contract,  and 
the  saine  is  true  of  sensory  nerve-fibres  until  they  enter  the 
central  organ.  In  reflex  movements  it  is  otherwise  ; the  excita- 
tion is  here  conveyed  by  one  or  a few  sensory  fibres  via  the 
central  organ  to  a plurality  of  motor  éléments.  It  may  be 
objected  that  a rigid  anatomical  relation  between  certain  centri- 
petal  and  certain  centrifugal  fibres  still  underlies  this  irradiation 
of  excitation.  This  view  is,  however,  uufounded.  The  strength 
of  the  periplicral  sthmdus  is  the  most  important  factor  in  the 
diffusion  of  irradiation.  In  a headless  frog,  if  the  sensory 
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stimulus  is  streiigthened,  reflex  movements  occur  iu  both  legs,  and 
subsequeutly  iu  tlie  anus  aud  truuk.  This  implies  diffusion  of 
excitation  over  uearly  tbe  wbole  spinal  cord,  and  almost  ail  tlie 
motor  nerves  which  originate  in  this  part  of  the  central  organ 
are  retlexly  excited.  The  movements,  however,  are  still  co- 
ordinated  throughout,  i.e.  the  groups  of  simultaneously  excited 
motor  fibres  are  alvvays  in  physiological  corrélation. 

The  transmission  of  excitation  to  remote  muscles  must 
obviously  take  a longer  time  imder  these  conditions.  If  the 
reflex  period  is  estimated  for  a muscle  of  the  saine,  and  for  one 
of  the  opposite  side  (on  stimulating  a given  point  of  the  skin),  the 
reflex  time  of  the  latter  exceeds  that  of  the  former.  The  amount 
of  this  différence  is  the  time  of  cross- conduction.  There  is 
appareutly  less  résistance  in  the  longitudinal  direction  of  the 
spinal  cord  (Wundt,  29). 

The  spécifie  characteristics  of  conductivity  within  the  central 
nervous  organs  are  least  ambiguous  in  the  striking  changes 
which  resuit  from  the  action  of  certain  poisons.  It  lias  long 
been  known  that  in  most  vertebrates,  after  intoxication  with 
strychnin,  the  slightest  stimulation  of  any  sensitive  part  evokes 
exaggerated  uncoôrdinated  muscular  movements  (spasms),  which 
in  warm-blooded  animais  soon  end  in  death.  Both  earlier  and 
later  experiments  concur  to  show  that  the  spinal  cord  is  an  indis- 
pensable factor  in  strychnin-spasm,  as  in  the  initiation  of  reflex 
movements.  ISTeither  in  peripheral  motor  nor  in  sensory  nerves  is 
excitability  perceptibly  modified  by  the  poison.  Strychnin  must, 
therefore,  be  reckoned  as  a spécifie  poison  of  tlie  spinal  medulla. 

The  introduction  of  minute  doses  (0'02— 0’04  nigr.)  at  first 
produces  no  change  in  the  frog,  beyond  a marked  iiicrease  of 
reflex  excitability.  The  reflex  twitches  appear  with  weaker 
stimuli,  and  with  greater  précision  at  each  successive  stimulus  ; 
neither  in  the  duration  of  the  latent  period  nor  in  the  subsé- 
quent course  of  the  twitch  is  there  any  perceptible  divergence 
from  ordinary  reflex  twitches.  After  somewhat  larger  doses 
(while,  according  to  Eosenthal,  the  length  of  the  latent  period 
steadily  decreases — Wundt  states  the  contrary)  the  twitch  changes 
gradually  into  a sustained  tetanus,  which  appears  with  even  the 
weakest  stimuli,  and  is  little  increased  with  stronger  excitation. 
At  the  climax  of  the  strychnin  effect,  any  stimulus  capable  of 
discharging  the  reflex  at  once  produces  maximal  excitation.  As 
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regards  the  dependeuce  of  a reflex  twitch  upon  strength  of  excita- 
tion, it  should  be  reniarked  that  it  is-  only  within  a very  narrow 
range  of  stinmli  that  magnitude  of  contraction  increases  with  that 
of  stimulation.  Directly  tlie  stimulus  is  capable  of  discharging 
any  reHex  it  provokes  a fairly  stroug  twitch  of  the  muscle,  which 
cannot  be  much  increased  by  further  augmentation  of  stimulus  : 
the  reflex  time,  on  the  other  hand,  is  diminished.  Accord- 
ing  to  lîosenthal  (31),  the  reflex  time  rnay  be  so  reduced  with 
strong  excitation  that  nothing  remains  of  Helinholtz’s  phenomenon, 
and  if  the  time  which  the  excitation  takes  to  travel  from  the 
point  stimulated  to  the  spinal  cord,  and  thence  to  the  muscle,  is 
calculated,  the  sum  of  both  will  be  approximately  equal  to  the 
latent  period  as  measured.  The  limited  range  within  which 
incrément  of  stimulus  produces  perceptible  increase  of  reflex 
action  diminishes  with  stronger  doses  of  the  poison,  and  finally 
vanishes  (Eosenthal). 

The  phenomena  exhibited  by  strychninised  frogs  are  very 
characteristic.  In  normal  reflexes  the  least  stimulus  applied  to 
the  hind  foot  induces  flexion  of  the  corresponding  leg,  while  the 
extensor  muscles  remain  quiescent.  The  action  after  stryclmin 
poisoning  is  quite  different  ; there  is  always  pronounced  contrac- 
tion of  ail  the  muscles  of  the  leg,  and  the  extensors  being  the 
most  powerfnl,  the  limb  is  stretched  ont  convulsively.  It  is  a 
question  how  the  normal  co-ordinated  flexor  reflex  is  converted 
after  stryclmin  poisoning  into  the  uncoôrdinated  reflex  of  exten- 
sion. If  the  normal  dose  is  much  reduced  ( = 0'0001  gr.)  it 
will  be  fonnd  insufficient  to  transform  the  flexor  into  the  extensor 
reflex,  thougli  there  is  still  some  effect  on  the  spinal  medulla, 
since  a weaker  stimulus  provokes  the  reflex,  and  the  reflexes 
appear  more  promptly  and  inevitably.  As  soon  as  these  minute 
doses  are  exceeded,  the  spasmodic  extension  reflex  sets  in.  "While 
in  the  co-ordinated  flexor  reflex  certain  definite  paths  are  alone 
excited,  in  the  nncoordinated  reflexes  of  extension  ail  are 
excited  simultaneonsly,  and  the  extensors,  as  the  more  active, 
détermine  the  movenient  of  the  limb.  If  the  spinal  cord  is 
suHiciently  strychninised  there  is  a simultaneons  contraction  of 
ail  the  skeletal  muscles,  discharged  from  every  possible  j)oint  of 
active  sensory  excitation — as  though  ail  the  corresponding  nerves 
were  caught  into  a bundle  and  excited  atthe  saine  moment.  But 
if  it  is  possible,  under  tlie  action  of  stryclmin,  thus  to  excite  ail 
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the  motor  iierves  froni  any  sensoiy  iierve  of  tlie  skin,  it  is  obvions 
that  ail  the  prolongations  of  the  sanie  within  the  rehex  centre 
(spinal  cord)  niust  he  siinilarly  associated.  Clearly  the  poison 
: caniiot  alter  the  structure  and  direction  of  the  central  paths,  along 

r which  the  excitation  travels  in  the  spinal  medulla.  We  inust 

rather  assume  that  the  new  relations  into  which  the  central 
i nervous  éléments  hâve  reciprocally  entered  are  due  to  a clicmical 
1 alteration  of  their  substance.  The  action  of  strychnin  proves 
; that  the  path  taken  hy  the  excitation  in  the  normal  central 
( organ  is  circumscribed,  not  hy  any  definite  arrangement  of  fibres, 
c but  hy  the  mohility  in  a definite  direction  which  characterises 
; the  mass  through  which  the  excitation  is  transmitted.  If  we 

: picture  the  whole  of  the  gray  inatter  as  a cohérent  network  of 

i homogeneous,  excitable,  and  conducting  plasma,  in  direct  coii- 

: nection  with  the  sensory  and  motor  nerve-fibres  (a  conception 

; that  is  not  indeed  borne  ont  hy  recent  histological  discoveries), 
i then  the  only  possible  explanation  of  the  organised  rertex  move- 
! ments  which  regularly  follow  on  a given  stimulus  must  be  that 
: there  are  certain  “ lines  of  discharge,”  along  which  excitation  is 

i normally  transmitted,  because  there  is  here  less  résistance — the 
I protoplasm  is  more  excitable.  The  path  along  which  a sensory 
excitation,  calling  ont  a definite  reflex  movement,  travels  in  the 
i spinal  cord,  lias  often  been  compared  to  a canalised  track,  and 
! from  a certain  point  of  view  the  crude  illustration  suffices.  But 
!■  there  is  the  further  question  of  how  this  perfectly  co-ordinated 
I network  of  lines  of  discharge  originated,  and  of  whether  it  is  pos- 
! sible  during  the  life  of  the  individual  to  form  new  combinations, 
and  new  excitatory  paths  to  reflex  movements.  The  question  is 
too  wide  to  be  entered  upou  here  ; we  can  only  say  that  there 
is  some  ground  for  assuming  that  every  impulse  traversing  the 
central  nervous  System,  along  any  path,  leaves  its  traces  behind  it, 
inasmuch  as  it  causes  certain  molecular  alterations,  which, 
as  they  become  sharpened  by  répétition,  facilitate  the  subséquent 
discharge  of  action  along  the  same  lines  (Exner’s  “ Bahnung  ”). 
This  hypothesis  not  only  accounts  for  the  fact  that  new  reflex 
combinations  of  movements  may  be  formed  during  the  life  of 
the  individual,  but  it  also  gives  us  the  key  to  an  understanding 
of  those  co-ordinated  reflexes  which  the  individual  acquires  as  an 
“ inheritance  ” from  his  ancestors. 

If  these  facts  show  that  the  law  of  isolated  conduction  does 
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not  hold  in  a strict  sense  within  the  central  organ  as  in  the 
peripheral  nerves,  the  same  is  true  of  another  great  law,  viz. 
that  of  “ conductivity  in  both  directions.”  The  efferent  (especi- 
ally  motor)  and  afferent  nerves  are  known  to  enter  the  spinal 
cord  of  vertebrates  by  different  roots.  Central  excitation  of  a 
divided  anterior  root  never  (even  after  strychnin  poisoning) 
discharges  any  reflex  movement  or  spasm.  With  regard  to  the 
structure  of  the  cord  \ve  should,  therefore,  conclude  that  the 
protoplasmic  processes  of  the  cells  of  the  anterior  horn,  in  so  far 
as  they  serve  to  transmit  excitation,  do  so  in  one  direction  only. 
It  would  thus  be  characteristic  of  these  cells  that  they  confined 
the  conductivity,  which  in  ordinary  nerve-fibres  is  in  both  direc- 
tions, to  one  direction  only  (Gad).  Eecent  conclusions  as  to  the 
constitution  of  the  gray  matter,  and  more  particularly  the  ana- 
tomical  structure  of  the  reflex  arc,  place  the  matter  in  another 
aspect.  For  if  instead  of  continuity  of  substance  we  hâve  merely 
contact  between  the  end-branches  of  the  conducting  nerve-fibre 
(“  terminal  arborisations  ”)  and  the  “ reflectiug  ” (motor)  cells  of 
the  ganglion,  conduction  in  one  direction  becomes  intelligible, 
and  is  no  more  surprising  tlian  the  fact  that  excitation  of  a muscle 
does  not  simultaneously  excite  its  motor  nerve. 

There  is  a striking  dissimilarity  in  the  action  of  strychnin 
upon  different  animais,  pointing  to  corresponding  and  quite  un- 
known  différences  in  the  Chemical  composition  of  the  central 
nerve-cells.  Among  vertebrates,  guinea-pigs  and  fowls  are  char- 
acterised  by  a spécial  insensibility  to  strychnin  (Leube,  82). 
And  in  most  invertebrates  the  characteristic  spasms  are  wanting, 
even  with  large  doses  of  the  poison.  Claude  Bernard  fii’st  made 
the  (often-coufirmed)  observation  that  the  reflex  excitability  of 
invertebrates  (crayfish,  leech)  is  not  altered  by  strychnin.  Both  in 
leech  and  crayfish  the  stages  of  excitation  characteristic  of  verte- 
brates were  entirely  wanting,  and  he  found  only  a rapid  and  primary 
(central)  paralysis.  Ivrukenberg  (33)  conflrmed  Bernard’s  con- 
clusions, while  Yung  (34),  on  the  contrary,  witnessed  sharp 
tétanie  spasms  in  the  crayfish  which  soon  gave  way  to  paralysis. 
Luchsiuger  (35),  too,  pointed  ont  in  invertebrates  (leech,  crayfish) 
that  had  been  poisoned  with  strychnin,  phenomena  which  he 
regarded  as  reflex  spasms.  In  any  case  these  only  appear  under 
certain  conditions.  Luchsiuger,  like  Krukenberg,  employed  the 
ingénions  method,  first  devised  by  C.  Bernard  for  the  frog,  of 
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partial  intoxication.  A leech  was  divided  into  thrce  parts  by  two 
ligatures;  the  ligatures  stopped  tbe  circulation  witliout  crusliing 
the  ventral  cord.  Stryclinin  (0‘0003  gm.)  was  tlien  injected 
into  tbe  middle  section,  the  effect,  according  to  Lucbsinger, 
depending  wholly  upon  température.  If  the  leech  had  beeu 
left  for  soine  time  in  water  of  about  8°  C.  it  showed  no  sign 
I of  excitation,  whereas  the  strychninised  section  of  an  animal  that 
had  previously  been  exposed  to  25°— 30°  gave  lively  manifesta- 
i tious  of  excitation.  “ Waves  of  excitation  ran  from  segment  ta 
) segment,  and  if  these  quieted  down,  the  least  stimulus  to  the  skin 
I of  the  animal  evoked  disorgauised  movenients.”  The  unpoisoned 
1 ends  throughout  remained  quiet.  After  a certain  time  the  centre 
• was  paralysed.  From  this  it  would  appear  that  there  is  no  radical 
différence  in  the  reaction  of  the  spinal  ganglia  to  strychnin  in 
I vertebrates  and  invertebrates,  tliough  gradations  of  sensibility 
are  undeniable.  The  striking  effect  of  température  upon  the 
I action  of  strychnin,  as  exhibited  in  the  leech,  appears  to  some 
extent  in  the  frog  also,  where  it  was  first  observed  by  Kühne, 
and  subsequently  worked  out  by  Wundt. 

Stronger  doses  of  strychnin  produce  both  in  vertebrates,  and 
even  more  rapidly  in  invertebrates,  a condition  similar  to  par- 
. alysis,  the  cause  of  which — as  of  the  antécédent  rise  of  excita- 
I bility — is  central  in  origin.  The  behaviour  of  the  animal  in  this 
stage  of  strychninisation  is  highly  suggestive  of  narcosis  from 
anæsthetics  (ether,  chloroform,  alcohol).  We  hâve  already  studied 
the  peculiar  effect  produced  by  these  reagents  on  ail  contractile 
substances,  as  also  on  nerve-fihres.  The  ganglion -cells  must, 
however,  be  ranked  first  in  order  of  sensibility,  in  ail  animais. 

The  depressing  effect  of  anœsthesia  upon  the  reflex  move- 
ments  of  vertebrates  has  long  been  known,  and  it  may  reasonably 
be  concluded  that  the  ganglion -cells  of  the  centres  are  first 
and  most  profouudly  affected  in  their  normal  vital  properties  by 
the  substances  in  question — as  shown  by  the  final  and  complété 
loss  of  excitability  and  conductivity.  It  was  Claude  Bernard  who 
fii'st  pointed  out  that  the  action  of  anæsthetics  is  universal,  and 
takes  effect  upon  ail  excitable  protoplasm.  Ail  experiments, 
however,  show  that  the  different  tissues  in  an  organism  are 
affected  in  very  different  degrees.  On  submitting  man,  or  any 
vertebrate,  to  the  action  of  chloroform  or  ether,  it  is  tlie  sensitive 
protoplasm  of  the  cells  of  the  cérébral  cortex  that  is  pre-eminently 
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affected  by  tlie  narcotic.  Consciousness,  conscious  sensation,  and 
voluntary  movement — in  short,  ail  psychical  activities  in  the 
naiTower  sense — are  extinguished,  while  reflexes  still  continue. 
Eeflex  function  is  next  abolislied,  nerve,  muscle,  glands,  etc., 
reinaining  still  unaltered.  This  explains  why  the  vital  functions 
survive,  and  why  at  its  early  stages  narcosis  is  not  directly 
dangerous  to  common  vitality.  The  anæsthesia  of  the  surgeon  is 
really  incomplète  ; it  affects  ouly  the  most  susceptible  éléments 
of  the  central  nervous  System,  while  the  other  excitable  parts 
(muscle,  nerve,  glands,  etc.),  although  equally  accessible  to 
narcosis,  are  attacked  later,  long  after  the  functions  of  the  nervous 
centres  hâve  been  abolished.  Under  ail  circumstances,  however, 
excitahility  and  conductivity  are  induhitahly  functions  of  the  ])roto- 
"plasm  of  the  axis-cylinder  in  nerve-fibres  also,  a conclusion  that 
is  significant  in  regard  to  certain  théories  to  be  discussed  below. 


III.  Influence  of  Vaeious  Conditions  upon  Excitability 

OF  ISTerve 

If  the  effect  of  certain  poisons  thus  leaves  no  doubt  that  the 
centred  and  conducting  parts  (cells  and  fibres)  of  the  nerrous 
System  differ  esscntially  in  their  physiological  properties,  the  saine 
conclusion  is  no  less  obvions  from  the  considération  of  many  other 
circumstances  which  influence  the  excitability  and  conductivity  of 
the  nervous  centres.  Température  is  of  the  flrst  importance  ; its 
marked  action  on  the  functions  of  ail  living  matter  is  well 
known.  The  fact  that  frogs  exhibit  différences  of  reflex  excitability 
at  different  températures,  preserving  it  generally  longer  at  low 
température  than  at  high,  bas  long  been  faniiliar,  but  accurate 
observations  on  the  point  are  wanting,  which  is  the  more  to  be 
regretted  since  the  existing  data  are  very  contradictory.  On  the  one 
hand,  it  is  affirmed  that  warming  of  the  spinal  cord  to  24°— 27°  C. 
increases  reflex  excitability — the  more  transiently  in  propor- 
tion as  the  température  is  higher  ; on  the  other  hand,  Tarchanow 
and  Freusberg  flnd  that  when  the  trunk  is  packed  with  ice,  the 
reflexes  discharged  from  the  hind  limbs  are  coiisiderably  augmented 
— a fact  which,  if  true,  recalls  the  effect  of  cooling  on  striated 
muscle  (supra),  as  discovered  by  Cad  and  Heymans.  The  point, 
in  any  case,  requires  further  investigation.  In  the  ganglion-cells. 


VIII 


CONDUCTIVITY  AND  EXCITABILITY  OF  NERVE 


77 


too,  the  dissimilatory  and  assimilatoiy  processes  niay  be  affected 
iii  different  degree  by  cooling. 

However  tbis  may  be,  it  is  certain  tbat  witliin  a given  range 
(which  is  lower  for  cold-blooded  and  higher  for  warin-blooded 
animais),  increase  of  température  prodnces  increase  of  reflex 
excitability.  The  next  point  is  to  détermine  this  range  experi- 
mentally.  Excessive  rise  and  fall  of  température  are  alike 
injurions  to  ail  excitable  tissues.  At  liigh  températures  beat- 
rigor  (paralysis)  overtakes  the  protoplasm  ; excitability  is  of  course 
affected  at  a somewbat  lower  limit.  If  a frog  is  kept  for  some 
1 time  at  a température  of  30°— 38°  C.,  it  falls  into  a state  of 
; apparent  deatb.  The  heart  still  beats,  but  the  animal  gives  no 
reaction — even  the  strongest  stiniuli  hâve  no  perceptible  effect, 

I and  localised  muscular  contractions  are  alone  discharged.  If  the 
• frog  is  then  placed  in  cold  water  for  a short  time,  it  soon  recovers 
[ ail  its  central  functions.  Eeflex  movements  of  the  throat- 
j muscles  appear  first,  then  spontaneous  respiratory  movements,  and 
, finally  the  reflex  excitability  of  the  spinal  cord  is  also  restored. 
> Later  still  the  other  centres  of  the  medulla  oblongata,  and  last 
[ of  ail  the  cerebrum,  résumé  their  activity,  along  with  the  power 
I of  voluntary  movement.  This  sequence  recalls  the  effects  of 
' incrcasing  vcnosity  of  the  blood.  That  the  gases  contained  in 
i the  blood  must  be  quantitatively  and  qualitatively  normal, 

! lias  long  been  recognised  in  warm-blooded  animais  as  a neces- 
6 sary  condition  for  the  normal  functioning  of  certain  parts  of 
i the  central  nervous  System,  more  especially  the  “ respiratory 
i centre,”  and  if  the  gas  exchanges  of  the  blood  are  interrupted,  i.e, 
: if  an  animal  is  suffocated,  a succession  of  striking  excitatory 

i effects  arising  in  the  central  organs  makes  its  appearance.  These 
: involve  not  merely  the  respiratory  centre,  vaso-motor  centre,  etc., 

I but  the  whole  of  the  central  nervous  System,  which  falls  into  a state 
l of  exaggerated  excitation.  The  saine  occurs  (in  warm-blooded 
I animais)  when  the  blood-supply  is  entirely  eut  off.  Blood — and 
[ blood  of  normal  composition,  more  especially  with  regard  to  its 
J contained  gases — is  absolutely  indispensable  to  the  préservation 
1 of  the  functions  of  the  nervous  centres  ; but  it  is  indispensable  in 
) very  different  degrees  to  warm  and  cold-blooded  animais.  If  we 
ligature  the  heart  of  a frog,  or  place  the  animal  in  a medium  devoid 
t of  oxygen,  it  long  retains  the  power  of  voluntary  movement — 
1 leaps,  swims,  feels,  etc.  Interruption  of  the  circulation  does  not  at 
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once  abolisli  the  functions  of  the  central  uervous  System.  The 
entire  blood-supply  of  a frog  may  even,  as  Cohnheim  pointée!  ont, 
be  replaced  by  pbysiological  sait  solution,  and  the  normal  functions 
of  the  nerve-centres  will  none  the  less  continue  unchecked  for 
hours  at  a moderato  température.  If  the  experiment  is  inordi- 
nately  prolouged,  the  rehex  functions  are  gradually  extinguished. 
But  even  when  the  aorta  has  been  obstructed  for  hours,  or  after 
prolouged  exposure  to  a deoxygenated  atmosphère,  the  frog  will 
recover  completely.  The  functions  of  the  great  nerve-centres  are 
first  attacked,  and  much  later,  the  peripheral  excitable  parts  (nerve 
and  muscle).  The  different  elementary  constituents- — tissue-ele- 
ments — again  are  variously  sensitive  to  the  cutting-off  of  the  blood- 
supply,  and  resulting  changes  in  metabolism.  Some  die  quickly, 
as  the  gray  matter  of  brain  and  cord  ; others  more  slowly,  as  the 
peripheral  nerve-trunks  and  muscles.  In  warm-blooded  animais 
the  phenomena  are  essentially  the  saine,  but  they  occur  much  more 
rapidly;  here,  too,  the  central  System  is  first  to  die,  and  then  the 
periplieral  nerves  and  muscles.  Tins  is  true,  both  of  anæmia,  and 
of  the  asphyxia  due  to  poverty  of  oxygen  in  the  blood.  Stenson’s 
experiment  is  a good  illustration  of  the  first  of  these.  If  the 
abdominal  aorta  is  ligatured  in  a warm-blooded  animal,  paralysis 
of  the  hind  limbs  occurs  in  a few  minutes,  although  excitability 
and  conductivity  of  nerve-trunks  and  muscles  remain  perfectly 
normal. 

The  dependence  of  the  central  nerve-cells  upon  the  blood  is 
indicated  in  the  anatomical  distribution  of  vessels  within  the 
white  and  gray  matter  of  the  central  organs,  as  well  as  by 
the  vascular  poverty  of  the  peripheral  nerves.  It  is  known, 
moreover,  that  a protracted  interruption  of  the  blood-supply 
induces  more  or  less  definite  histological  changes  in  the  ganglion- 
cells  of  the  gray  matter  of  the  spinal  cord  in  warm-blooded 
animais  : these  may  even  disappear  altogether  (degenerate),  while 
the  fibres  of  the  white  matter  are  still  intact  (36). 

The  facts  thus  briefly  summed  up  show  that  the  organ  of 
refiexes,  the  automatic  central  structure  of  the  brain  and  spinal 
cord,  differs  in  a marked  degree  (and  that  by  a whole  sériés  of 
cliaracteristic  peculiarities  iu  excitability  and  conductivity),  if  not 
fundanientally,  from  otlier  excitable  parts  of  the  nervous  System. 
The  central  nerve-cells  are  peculiarly  susceptible  to  certain  poisons. 
Btrychniu  specifically  affects  the  excitability  of  the  ganglion-cells 
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of  the  spinal  cord,  while  it  lias  little  appréciable  action  on  nerve 
and  muscle  ; anæsthesia  notably  attacks  the  central  structures 
first,  and  tlie  lieart,  periplieral  nerves,  and  muscles  at  a later 
period  only.  The  saine  facts  are  met  with  wlien  the  température 
is  raised  ahove  a certain  limit.  Finally  (and  this  is  perliaps  tlie 
most  cliaracteristic),  the  aniount  of  gas  coutained  in  the  hlood  is 
of  the  utinost  importance  to  the  excitability  of  the  nervous  centres, 
wliich,  more  especially  in  warm-hlooded  animais,  are  so  extra- 
ordinarily  sensitive  to  changes  in  their  normal  metaholism 
(whether  from  anæmia  or  froni  dyspnœic  condition  of  the  hlood) 
tliat  tliey  can,  in  this  respect,  hardly  be  compared  with  the  peri- 
pheral  nerves  and  muscles. 

Accepting  the  highly  probable  assumption  that  the  central 
! and  periplieral  nerve-tihres  are,  in  the  main,  alike  in  physiological 
properties,  as  also  in  structure  and  origin,  it  is  easy  to  iinderstand 
why  the  motor  conséquences  of  direct  excitation  of  the  central 
I organs,  and  more  especially  of  the  spinal  cord,  should  differ 
in  many  respects  from  those  of  direct  excitation  of  the  peri- 
[ plierai  motor  nerves,  and  should  appear  to  dépend  essentially 
[ upon  the  sanie  conditions  as  reflexly-provoked  movements.  This 
i is  the  immédiate  outconie  of  the  fact  that  each  motor  nerve-fibre 
( (of  the  anterior  root)  is  the  process  of  a nerve-cell,  and  that  the 
spinal  cord  can  only  affect  it  indirectly  through  the  cell,  Dis- 
‘ regard  of  this  fact  can  alone  accouut  for  the  acceptance  of  the 
[ singular  theory  that  the  central  nerve-fibres  conduct,  but  are  not 
)'  excitable. 

The  contrast  is  the  more  striking,  since,  ou  the  oue  hand, 
I the  central  nervous  organs,  brain  and  spinal  cord,  seeni  to  react  in 
I such  an  extraordinary  degree  to  the  weakest  natural  “ organic  ” 
: stimuli,  and  to  propagate  the  excitation,  while,  on  the  other,  the 

J nerve-fibres  which  participate  in  the  structure  of  the  nervous 
' centres  are  scarcely  to  be  distinguished  anatomically  from  those 
1 in  the  peripheral  nerves. 

On  reviewing  the  experiments  in  point,  we  find  that  they 
1 ail  aim  at  establishing  that  movements  conséquent  ou  excitation 
of  the  central  organ  are  not  reflexes,  and  ascertaining  safe 
objective  criteria  of  sensibility  in  the  animal.  Tlius  Van  Deen 
tried  to  exclude  the  olijection  just  ruade  (rc  interprétation  of 
I motor  effects  of  excitation  from  the  spinal  cord)  by  a spécial 
1 niethod  which  lias  since  been  frequently  repeated.  He  exposed 
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tlie  spinal  coi'd  of  the  frog  from  about  the  3rd  to  tlie  5tli  verte- 
bræ,  divided  tbe  roots  of  ail  the  spinal  nerves  except  those  of  the 
sciatic,  and  pushed  in  a sinall  knife  horizontally  above  the  lumljar 
swelling,  so  that  it  divided  the  dorsal  and  ventral  halves  of  the 
cord.  If  the  knife  were  then  drawn  forward  in  the  sanie 
position  to  the  npper  boundary  of  the  cord,  there  would  be  a free 
lobe,  coinposed  of  the  posterior  columns,  a greater  or  less  propor- 
tion of  the  latéral  columns,  and  gray  matter  ; wliich,  after 
dividing  its  anterior  and  posterior  ends,  could  be  removed 
altogether.  In  this  way  the  whole  posterior  (dorsal)  half  of  the 
spinal  cord,  aloug  with  the  entering  sensory  roots,  was  eliminated, 
and  the  possibility  of  discharging  retlex  movements  at  the  seat  of 
excitation  excluded.  If  the  isolated  ventral  part  of  the  cord  was 
then  mechanically  excited.  Van  Deen  sometiines  obtained  move- 
ments of  the  hind-foot,  which  he  at  first  believed  to  be  due  to 
direct  excitation  of  the  anterior  column.  Meantime  Stillino-  drew 

O 

attention  to  the  possibility  that  the  highly  sensitive  anterior  roots 
of  the  sciatic  plexus  might  be  excited  in  these  experimeuts  by 
slight  traction  of  the  cord,  and  Van  Deen  himself,  before  the 
publication  of  Stilling’s  work,  had  beeu  led  by  new  experimeuts 
to  the  remarkable  conclusion  that  neither  the  anterior  column 
nor  the  other  parts  of  the  spinal  cord  were  excitable — thus  first 
formulating  a dogma  destined  to  prevail  in  physiology  for  many  a 
decade. 

In  subséquent  démonstrations  Van  Deen  did  uot  even  consider 
it  necessary  to  remove  the  npper  dorsal  half  of  the  spinal  cord, 
but  employed  the  uninjured  medulla  which  protruded  from  the 
vertébral  canal.  Mechanical,  Chemical,  or  electrical  excitation  of 
the  cephalic  end  failed,  it  was  said,  even  with  strong  currents,  to 
produce  any  symptoms  of  activity  in  the  muscles  of  the  posterior 
extremities. 

Schiff  (37)  meantime,  without  knowing  of  Vau  Deen’s  earlier 
publications,  arrived  at  the  same  conclusions,  as  the  resuit  of 
a sériés  of  experimeuts  on  the  spinal  cord  of  different  warm- 
blooded  animais.  Total  insensibility  of  the  paths  which  con- 
duct  painful  influences  (“  æsthesodic  ”),  and  inexcitability  of  the 
paths  along  which  motor  impulses  travel  (“  kinesodic  ”),  seem 
here,  too,  to  be  the  general  rule.  Schiff’s  experimeuts  were  in 
tlie  main  analogous  to  the  first  of  Van  Deen’s,  since  he  removed 
the  posterior  columns  in  the  partially  exposed  cord  for  a distance 
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of  5—6  cm.,  wheii  tlie  careful  application  of  electrical,  as  well  as 
’ Chemical,  or  mecliauical  stimuli  (pricking,  squeeziiig  with  forceps) 
to  the  segment  of  cord  nnder  observation  failed  to  produce  any 
t niuscular  movement,  or  sign  of  painful  sensation. 

The  conclusion  drawn  by  Schiff  from  tins  experiment,  to 
I the  effect  that  “ in  such  an  animal  the  (painful)  sensations 
i conductcd  through  the  spinal  cord  which  lias  been  deprived  of 
f its  posterior  columns  cannot  be  excitcd  by  artificial  stimulation 
of  the  cord  itself,  and  that  motor  excitability  is  also  wanting  in  the 
) latter,  although  it  is  fully  able  to  transmit  a motor  impulse,”  was 

L under  these  conditions  very  natural.  It  proved,  however,  im- 

( possible  to  excite  the  entire  uninjured  spinal  cord  of  a warm- 
' blooded  animal  without  effect,  even  after  the  most  careful 
; removal  of  the  posterior  roots,  since  (according  to  Schiff’s  view) 
i the  irradiatiug  fibres  of  the  sensory  roots  “ still  invest  the 
t posterior  column  with  a marked  degree  of  sensibility,  which 
is  trausmitted  farther,  and  results  partly  in  painful  sensations, 
i partly  in  reflexes  of  varions  kinds,  at  different  levels  of  the 

1 spinal  medulla.”  Schiff,  moreover,  differs  from  Van  Deen  in 

i ascribing  excitability  to  the  nerve-fibres  which  run  ceutripetally 
. along  the  posterior  columns.  Excitation  of  these  never  produces 
pain,  but  causes  exclusively  tactile  sensations,  or  “ kindred  sensa- 
I tions  of  less  intensity,”  betrayed  chieÜy  by  alterations  in  the  size 
i of  the  pupil  on  electrical  or  mechanical  stimulation  of  the  mostly 
isolated  posterior  columns. 

Without  entering  into  details  of  the  numerous  attempts  to 
décidé  the  ^;ros  and  cons  of  the  Van  Deen-Schiff  theory,  we  may 
.State  that  on  the  one  hand  Eick  (37),  followed  by  Luchsinger, 
brought  forward  experiments  which  determined  the  existence 
of  directly  excitable  motor  éléments  in  the  anterior  (ventral) 
section  of  the  frog’s  spinal  cord,  while  on  the  other  a sériés  of 
communications  from  Ludwig’s  laboratory  asserted  the  excita- 
bility of  centripetal  fibres  running  in  the  latéral  columns. 
It  is  known  that  the  excitation  of  sensory  nerves  frequently 
produces  a considérable  rise  of  blood- pressure,  owing  to  in- 
creased  résistance  in  the  arteries  from  the  reflex  constriction 
of  numerous  vessels.  Ilittmar  (37)  showed  that  both  electrical 
and  weak  mechanical  excitation  of  the  central  end  of  tlie  rabbit’s 
spinal  cord,  that  has  been  deprived  of  its  posterior  columns  for 
some  considérable  distance,  produces  the  saine  marked  rise  of 
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blood-pressure.  Froin  this  he  iiiferred  tlie  direct  excitability 
of  the  “ æsthesodic  ” éléments  of  tlie  cord,  whicb,  according  to 
Miescber’s  experiinents,  are  situated  cbiefly  in  the  latéral  columns. 

Schiff  disputes  the  validity  of  this  experiment,  and  more 
particularly  déniés  that  the  centripetal  fibres  of  the  latéral  columns, 
from  which  the  reflex  is  discharged,  eau  be  ternied  “ sensory  ” in 
the  true  meaning  of  the  word.  Tins,  however,  is  a by-point  in  the 
présent  connection,  where  the  main  object  is  the  détermination  of 
direct  excitability.  How  far  Schiff’s  later  objections  (in  which  he 
refers  the  results  of  Dittmar’s  experiments  entirely  to  spread 
of  current  to  the  posterior  columns,  that  are  alone  excitable)  can 
be  justified,  must  provisionally  be  left  undecided. 

The  direct  excitability  of  the  viotor  éléments  of  the  spinal 
cord  lias,  on  the  other  hand,  been  firmly  established.  Fick’s  early 
experiments  above  referred  to,  which  were  essentially  founded  on 
the  first  of  Van  Deen’s,  are  open  to  the  objection  that  the  move- 
ments  of  the  posterior  limbs  that  appear  when  the  ventral  half 
of  the  frog’s  spinal  cord  deprived  of  its  posterior  columns 
is  electrically  excited,  inay  be  due  to  reflex  or  direct  excita- 
tion of  the  fibres  of  the  inotor  root  — since  there  niight  be 
spread  of  current  to  the  uninjured  inferior  portion  of  the  spinal 
medulla.  ISTor  is  this  objection  completely  removed  by  the 
fact  that  on  dividing  the  ventral  half  of  the  cord  immediately 
above  the  lurnbar  swelling,  and  laying  the  edges  together  again 
as  closely  as  possible,  the  excitatory  effect  in  question  fails  to 
make  its  appearance.  On  the  other  hand,  the  experiment  of  Van 
Deen  and  Fick  is  fully  convincing,  under  the  presumption  that 
motor  fibres  run  longitudinally  in  the  venti’al  portion  of  the 
spinal  medulla,  and  that  their  physiological  properties  coïncide  in 
ail  essential  points  with  those  of  the  peripheral  nerve-fibres.  And 
since  there  is  no  doubt  {infra)  that  the  excitability  of  peripheral 
nerves  is  considerably  greater  in  the  immédiate  proxiniity  of  a 
fresh  section  than  along  the  contiuuity  of  the  nerve,  it  is  to  be 
expected,  if  the  motor  fibres  of  the  cord  give  a siniilar  reac- 
tion, that  electrical  excitation  will  take  effect  at  the  eut  end  of 
the  isolated  ventral  half  of  the  cord  soouer,  i.e.  with  less  in- 
tensity  of  current,  than  at  a lower  point,  where  — seeing  the 
doser  proxiniity  of  the  roots  of  the  sciatic  — the  danger  of 
direct  excitation  by  current  diffusion  is  proportionately  greater. 
Ihedermann  (37)  found,  as  regards  excitability  to  tetanising  in- 
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duction  curreiits,  that  the  divided  aiiterior  columns  of  tlie  frog’s 
spinal  cord  gave — apart  froiii  quantitative  différences — a reaction 
precisely  siinilar  to  tliat  of  any  periplieral  inotor  nerve.  If,  with 
descendiuçr  direction  of  tire  “ break  ” shock,  tlie  électrodes  cou- 
nected  witli  the  secondary  coil  are  (at  not  too  great  a distance) 
so  placed  that  one  is  at  first  actually  applied  to  the  section, 
and  are  then  moved  fartlier  and  farther  away,  the  initially 
inarked  effect  of  excitation  diininishes  rapidly,  and  soon  dis- 
I appears  altogether.  The  first  effect  of  stimulating  with  currents 
which,  if  directly  applied  to  the  free  surface  of  the  muscle, 
produce  no  visible  excitation,  and  which  are  not  felt  hy  the 
I tongue,  invariably  consists  in  a more  or  less  pronouuced  tétanie 
1 disturbance  of  the  muscles  of  the  two  posterior  extremities,  often 
amountiim  to  re^ular  tetanus.  Stronger  excitation  often  evokes 
co-ordinated  movements.  When  the  just  effective  stimulus  at 
i the  transverse  section  of  the  anterior  column  has  been  determined, 
1 the  électrodes  (with  descending  direction  of  break  shock,  which 
alone  acts  at  first)  can  usually  be  shifted  into  the  im- 
1 médiate  proximity  of  the  lumbar  enlargement — thereby  greatly 
] increasing  the  danger  of  direct  or  reflex  excitation  of  the  anterior 
i roots — without  producing  any  trace  of  excitatory  phenomena  in 
I tlie  muscles  of  the  hind  limbs.  This,  however,  is  only  the  case 
1 if  the  électrodes  are  shifted  along  the  ventral  surface  of  the 
[ anterior  column.  If  they  are  applied  to  the  inner  surface,  i.e. 
1.  the  eut  section  of  the  ventral  half  of  the  medulla,  in  direct 
) contact  with  the  exposed  gray  matter,  there  is  never  a perceptible 
i différence  of  excitability  at  points  near  the  cross-section,  as  com- 
> pared  with  the  deeper  parts.  It  is  doubtfnl  whether  this  experi- 
c ment  by  itself  justifies  the  conclusion  that  in  the  last  case  the 
I gi’ay  matter  is  directly  excited,  while  in  the  former  there  is  cer- 
£ tainly  excitation  of  the  longitudinal  nerve-fibres  (in  the  anterior 
1 columns). 

By  using  proper  précautions  we  can  thus  excite  the  spinal 

0 cord  of  the  frog  (divided  below  the  medulla  oblougata,  but 
) not  otherwise  iujured),  without  fear  of  complication  by  reflexes. 
J It  is  sufficient  to  shift  the  exciting  électrodes  along  the  ventral 

surface  of  the  cord,  after  determining  that  distance  of  coil  at 

1 which  the  descending  break  shock  takes  effect  in  the  immédiate 
t proximity  of  an  artificial  cross-section,  at  any  point.  The  ex- 
i citation  of  any  other  point  along  the  cord,  even  close  to  the 
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Iniubar  swelliiig,  is  theu  absolutely  inefïective.  Tf  tliese  experi- 
nients  establish  the  presence  of  directly  excitable  niotor  éléments 
in  tlie  ventral  bail'  of  tlie  frog’s  spinal  cord,  it  is  on  the  other 
hand  undeniable  tbat  tliere  are  important  différences  as  regards 
both  excitatory  conditions  and  the  nature  and  mode  of  the 
reaction,  according  as  the  muscle  is  stimulated  by  excitation  of  its 
motor  nerve,  or  through  the  spinal  cord.  The  coni})arative  in- 
efficacy  of  mechanical  and  of  single  electrical  stimuli,  as  well 
as  the  total  failure  of  Chemical  excitation,  must  be  remembered. 
Nor  is  this  surprising,  since  the  motor  fibres  of  the  cord 
are  not,  like  the  peripheral  motor  nerves,  in  direct  connection 
with  the  muscle,  but  are  interrrupted  by  ganglion -cells  (as 
proved,  more  especially  by  the  observations  of  Birge,  for  the  frog). 
This  view  is  supported  by  the  far-reaching  analogies  which^exist 
with  regard  not  merely  to  time  - relations,  and  distribution, 
in  direct  {i.e.  with  excitation  of  the  motor  éléments  of  the  cord) 
and  in  reflex  muscular  movements,  but  also  to  the  conditions  of 
discharge  in  the  two  cases. 

With  référencé,  first,  to  time  - relations,  we  hâve  already 
seen  that  the  transmission  of  the  excitatory  process  froni  sensory 
to  motor  fibres,  via  nerve-cells,  takes  up  a considerably  longer 
period  thaii  the  simple  conduction  of  excitation  through  a corre- 
sponding  length  of  nerve.  Mendelssohu  (37)  has  recently  fourni 
that  the  réaction- time  of  the  ventral  half  of  the  frog’s  spinal  cord, 
i.e.  the  interval  between  the  moment  of  excitation  and  the  appear- 
ance  of  the  gastroenemius  twitch  on  one  side,  is  shorter  than  the 
reaction-time  of  the  dorsal  half.  In  other  words,  excitation  of  the 
ventral  half  of  the  spinal  cord  produces  movement  of  the  limbs 
more  rapidly  than  when  the  saine  stimulns  is  sent  into  the  corre- 
sponding  point  of  the  dorsal  segment.  The  différence,  according 
to  Mendelssohu,  amounts  to  O'Ol  — 0'025  sec.  This  reaction 
indicates  that  (in  accordance  with  theoretical  presumptions)  the 
muscular  contraction  due  to  direct  excitation  of  the  anterior 
column  niakes  its  appearance  earlier  than  tlie  retiex  contraction 
discharged  from  the  posterior  colnmii,  the  cause  of  the  delay  iu 
the  last  case  being  the  larger  mass  of  interpolated  gray  matter. 

The  most  significant  factor  in  judging  of  the  différences  that 
resuit  from  stimulation  of  the  spinal  cord,  and  direct  excitation  of 
the  peripheral  motor  nerves,  is  tlie  fundamental  différence  in  the 
physiolügical  properties  of  nerve-cells  and  nerve-filires,  the  former 


VIII 


COXDUCTIVITY  AND  EXUITABILITY  OF  NERVE 


85 


being  inucli  more  sensitive  to  changes  in  tlieir  normal  metabolism, 
as  well  as  to  any  hind  of  injnry,  tbau  the  latter.  Tins  is,  how- 
ever,  most  conspicnons  on  comparing  the  excitability  of  different 
parts  of  a motor  organ  (consisting  of  nerve-cells  and  fibres,  along 
vith  their  peripheral  terminations  in  the  mnscle),  solely  with 
reference  to  the  excitatory  effects  whicli  each  exliibits.  It  mnst 
obvionsly  dépend  npon  the  momentary  state  of  excitability,  or 
condnctivity,  of  the  cellular  éléments  interposed  along  the  fibres, 
whether  an  excitation  on  the  distal  side  of  the  saine  will  produce 
any  excitatory  movement  or  no.  And  in  fact  we  see  that  the 
refiex  functions  of  the  spinal  cord  may  sufler,  or  be  entirely 
abolished,  under  certain  conditions,  while  excitability  and  con- 
ductivity  in  the  motor  and  sensory  portions  of  the  refiex  arc  are 
not  perceptibly  aftected.  Luchsinger  applied  this  nneqnal  capacity 
of  résistance  in  central  nerve-cells  and  fibres  to  prove  the  direct 
excitability  of  the  cord  after  local  destruction  of  the  refiex 
functions.  Varions  cold-blooded  animais  with  a long  spinal 
column  (snakes,  blind-worms,  tritons,  etc.)  were  decapitated,  the 
fore-part  of  the  body  being  then  plnnged  into  sait  water  heated 
to  40°— 45°^  while  the  rest  of  the  body  was  kept  at  normal 
température.  The  warmth  soon  destroyed  the  refiex  properties 
of  the  cervical  and  dorsal  mednlla,  while  excitability  and  con- 
dnctivity were  still  presumably  intact  in  the  long  medullated 
fibres.  If  (as  usnally  ocenrs)  electrical  excitation  of  that  part  of 
the  mednlla  which  no  longer  discharges  reflexes  can  cause  move- 
ments  of  the  tail,  these  can  only  (according  to  Luchsinger)  be 
due  to  direct  excitation  of  the  longitudinal  motor  fibres  of  the 
spinal  cord.  Schiff  objected  that  the  testing  of  refiex  capacity 
in  this  part  of  the  body  by  stimnli  ajiplied  to  the  skin  is  no  sure 
guarantee  of  the  total  destruction  of  the  refiex  functions  of  the 
spinal  medulla.  He  pointed  ont  the  possibility  of  “intra-medullary” 
reflexes,  which  only  fail  to  appear  within  the  warmed  segment, 
because  its  muscles  are  rigored  by  the  préviens  exposure  to  beat. 
Scliifî  adduces  exjieriments  on  bombinators  and  toads,  in  which, 
after  warming  the  entire  cord  exclusive  of  the  peripheral  end  of 
the  cauda  equina  till  the  trunk-muscles  were  completely  rigored, 
the  refiex  excitability  of  the  hind  limbs  still  persisted. 

Nevertlieless  the  low  résistance  in  the  gray  niatter  of  the 
cord,  as  compared  with  that  of  the  white  mass  of  the  fibres,  is 
indisputable.  By  this,  inter  edia,  we  may  explain  the  fact  that 
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tlie  luotor  effect  of  direct  excitation  of  tlie  spinal  cord  appears  tlie 
more  plainly  in  the  muscles  of  tlie  posterior  extremities,  iii 
proportion  as  tlie  relîex  excitability  of  tlie  préparation  is  greater, 
wliile  it  fails  altogetlier  wlien  the  latter  is  extinguislied.  Accord- 
ing  to  Birge’s  experiments  {supra),  the  sanie  éléments  of  the  gray 
matter  of  the  lumbar  cord  (iierve-cells  of  the  anterior  horns)  niiist 
convey  the  excitation  in  the  one  case  froiii  centripetal,  in  the 
other  from  centrifugal  fibres,  to  the  same  fibres  of  the  anterior 
root.  The  reflex  centre  of  the  posterior  extremities  would  there- 
fore  not  merely  be  thrown  into  excitation  from  periphery  to 
afferent  nerve-path,  but  also,  as  it  were,  possess  two  pôles,  one  cen- 
tral (the  iiiotor  paths  in  the  cord),  the  other  peripheral  (the  sensory 
fibres).  Ail  injuries  that  involve  central  conductivity  are  equally 
préjudiciai  to  the  effects  of  reflex  and  of  direct  excitation  of  the 
spinal  cord. 

The  extraordinary  sensitiveness  of  the  central  nerve-cells 
of  warm-blooded  animais  to  ail  disturbance  of  normal  nutrition 
indicates  a priori  (as  is  confirmed  by  Stenson’s  experiment)  that 
conductivity  in  the  spinal  cord  will  dimiuish  and  be  abolished 
much  more  rapidly  in  ail  paths  interrupted  by  ganglion -cells, 
uncler  certain  influences  (especially  anæniia  or  asphyxia),  thaii 
it  is  in  cold-blooded  animais,  so  that  experiments  on  the 
direct  excitation  of  the  cord  involve  much  greater  difficulties, 
and  fail  much  more  easilv,  tlian  in  the  latter.  Moreover,  it 
is  clear  that  the  rapid  and  total  interruption  of  the  blood- 
supply  to  the  spinal  cord  (taking  précaution  to  avoid  the 
cérébral  circulation,  and  with  artificial  respiration),  affords  a 
working  niethod  of  ascertainiiig  the  nnintcrruptcd  conducting 
paths  in  the  inedulla  after  exclusion  of  the  others.  For  con- 
ducting paths  which  are  blocked  in  a few  minutes  by  anæmia 
cannot  be  regarded  as  the  direct  continuation  of  peripheral 
nerve-fibres.  It  is  far  less  probable  that  a medullated  fibre  of 
the  white  columns  of  the  cord  should  react  differently  to 
anæmia  from  the  like  libre  of  a peripheral  nerve,  tliau  that  the 
functional  disturbances  that  aie  induced  by  anæmia  so  much 
earlier  in  the  cord  thau  in  the  peripheral  nerves  should  be  located 
iu  the  interpohited  cells  of  the  gray  matter.  And  S.  IMayer’s 
experiments  on  the  elfect  of  anæmia  pu)duced  on  tlie  rabbit’s 
spinal  cord  by  ligaturing  the  aorta  high  iq»,  do  in  fact  show  thaï 
\ aso  - motor  fibres  originate  in  the  medulla  oblongata,  and 
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’ traverse  the  spinal  cord  without  interruption  i'roiu  gangiionic 
I éléments. 

These  facts  respecting  conductivity  of  excitation  within  the 
I nervous  centres  suggest  important  conclusions  as  to  the  ana- 
tomical  arrangement  and  reciprocal  relations  of  the  conductiug 
paths.  Starting  with  the  fact  that  every  nerve-fibre  is  coniiected 
inside  or  outside  the  central  organ  with  at  least  one  gangliou-cell 
(its  parent -cell),  it  may  he  assumed  that  every  reflex  arc  is 
I built  up  of  nerve-cells,  and  that  these  (especially  the  motor 
) cells)  are  under  the  most  favourable  conditions  for  mntnal 
1 conduction. 

Histological  investigation  bas  so  far  contributed  very  in- 
) adéquate  support  to  this  physiological  postulate.  It  was  indeed 
I natural  to  regard  the  great  multipolar  ganglion -cells  of  the 
I anterior  horn,  along  with  their  numerous  ramified  “ protoplasmic 
proces.ses,”  and  Deiter’s  axis-cylinder  process  passing  directly 
: iuto  au  anterior  root  - libre,  as  the  éléments  through  which 

i the  fuuctioually  distinct  nerve- fibres  from  the  periphery  ■ are 
I anatomically  related  at  the  centre.  This  view  is  expressed  in 
I Gerlach’s  theory,  which  represents  the  protoplasmic  processes 
I of  the  ganglion- cells  as  forming  a rich  network  of  the  finest 
I.  nerve-fibrils,  connecting  the  cells  of  the  anterior  horn  not  merely 
i with  one  auother,  but  also  with  the  posterior  root-fibres,  which 
I also,  according  to  Gerlach,  terminate  in  a fine  fibrous  network 
!•  after  their  entrance  into  the  gray  matter.  Eecent  researches  into 
1 the  finer  structure  of  the  nervous  centres  (Golgi,  Eamon  y Cajal, 
! Kolliker,  Eetzius,  and  others)  bave  substantially  modified  the 
I earlier  doctrine  of  Gerlach  in  certain  important  physiological 
* particulars.  There  is  no  proof  of  a central  nervous  network,  as 
I the  anatomical  substrate  of  irradiation  of  excitation.  The  cell- 
j processes  (nerve-fibres)  which  arboresce  within  the  gray  matter 
I seem  ail  to  terminate  freely,  without  anastomosing  with  the 
' processes  of  other  nerve-cells.  Certainly  it  can  only  be  said  at 
' présent  that  no  anastomosis  bas  yet  lieen  detected  ; its  non- 
e.xistence  may  be  questioned,  in  view  of  the  wealth  of  ramifications 
; exhibited  by  the  protoplasmic  processes.  Golgi  indeed  denied 
I tbe  “ nervous  ” nature  of  these  processes,  but  bis  opinion  must  be 
. disallowed,  since  in  many  cases  ail  the  processes  are  of  the  same 
cliaracter,  and  the  nerve-fibre  may  even  (as  in  the  giant  electrical 
; ganglion-cells  of  Malaptcrarufi)  S])ring,  not  from  tlie  body  of  tlie 
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cell,  but  fi’oin  tlie  protoplasmic  processes  tliat  interlace  in  a close 
network. 

The  physiological  connection  of  the  central  motor  éléments  is 
still,  tlierefore,  an  open  question,  wliile  the  nature  of  their  relations 
with  the  afferent  (sensory)  fibres  inay  be  regardée!  as  histologically 
establishecl. 

The  posterior  root-fibres,  which  must  be  regardée!  as  processes 
froni  the  cells  of  the  spinal  ganglia,  bifurcate  (accoreling  to  Eamén 
y Cajal  and  Kolliker),  as  they  enter  the  corel,  into  two  branches, 
running  respectively  upwards  and  downwai’ds  in  the  mass  of  the 
posterior  column.  These  longitudinal  fibres  give  ofî  (“collateral”) 
branches — mostly  at  a right  angle — which  enter  the  gray  matter, 
and  terminate  in  free  elendritic  ramifications  (Kolliker’s  “arborisa- 
tions”). The  similarity  of  these  bouquets  to  the  terminal  expansion 
of  the  axis-cylinder  in  the  striated  muscles  of  vertebrates  at  once 
suggests  a similar  relation  with  the  motor  cells  of  the  spinal  cord. 
Kolliker,  indeed,  maintains  that  the  twigs  of  an  arborisation  (which 
usually  carry  a small  swelling)  are  closely  interlaced  with  the 
ganglion-cells,  but  never  really  anastomose  with  these  or  their 
processes.  Contiguity  is,  however,  indispensable  to  transmission 
of  excitation.  “ Eadiation  ” (Anstrahhmg)  from  a free  nerve- 
ending  to  another  that  merely  lies  near  it  (as  in  the  olfactory 
glomeruli),  or  to  a cell  (as  in  the  simple  refiex  arc),  is  an  assump- 
tion  the  less  justifiable  since  there  is  no  sufficient  histological 
evidence  for  a hypothesis  so  divergent  from  ail  prevailing  views  on 
conductivity  of  excitation. 

Since  each  nerve-fibre  represents  the  process  of  a cell,  and 
forms  with  the  saine  a physiological  unit  (neuron,  neurodendron), 
it  is  intelligible  that  a nerve-fibre  separated  from  its  pareut-cell 
should  sooner  or  later  undergo  degeneration.  Each  nerve-cell  is 
thus  the  “ trophic  ” centre  of  the  outgoing  nerve-fibre,  and  the 
normal  connection  between  them  is  one  of  the  most  essential 
conditions  of  the  permanent  préservation  of  conductivity  and 
excitability  in  the  nerve-fibre.  In  view  of  the  facts  above  cited, 
we  can  hardly  doubt  that  this  trophic  influence  is  largely  due  to 
tlie  action  of  the  nncleus,  as  follows,  indeed,  by  analogy  with  other 
cells. 

Seeing  the  extraordinary  instability  of  the  central  ganglion- 
cells,  the  résistance  which  in  peripheral  mcduUatcd  nerve-fibres 
préserves  the  fundamental  vital  properties  (provided  the  nerves  are 
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pvotected  froni  dryiiig,  and  other  injurions  circuinstances)  is  very 
strikiug,  and  empliasises  tlie  radical  physiological  différences 
between  tlie  two.  Excitability  and  conductivity  will,  in  a nerve- 
trunk  wliicli  is  isolated  for  a considérable  lengtli,  and  connected 
only  at  one  end  witli  its  terminal  organ  (in  whicb  the  circulation 
is  wholly  abolished),  persist  for  hours,  even  in  warm  - blooded 
animais. 

Non-mcdullatcd  nerves,  on  tlie  other  hand,  are  far  more 
perisbable.  The  nerves  of  crayfish  and  lobster,  at  least,  do  not 
maintain  their  excitability  for  even  approximately  so  long  a time 
as  frog’s  nerves,  when  isolated  and  stimulated.  Piotrowsky  found 
the  experiment  Cjuite  impossible  in  summer,  while  excitability 
disappeared  in  winter  after  8—10  min.  Ivühne  also  found  the 
non-medullated  olfactory  nerve  of  the  pike  to  be  excitable  for  a 
very  short  time  only. 

It  is  évident  that  we  can  estimate  the  true  duration  of  survival 
in  an  excised  nerve  only  when  the  nerve  alone,  and  not  the 
terminal  organ  (which  is  the  sole  indicator  of  activity  in  the 
former),  is  wûthdrawn  from  normal  conditions  of  nutrition.  No 
certain  conclusion  as  to  survival  in  an  excised  warm  or  cold- 
blooded  nerve  can  therefore,  as  a rule,  be  formulated  from 
observations  on  a perfectly  isolated  nerve-muscle  préparation  : the 
muscle  obviously  becomes  inexcitable  long  before  the  nerve. 

Tlie  fact  that  nerves,  when  removed  from  their  natural  situa- 
tion and  laid  across  the  électrodes,  remain  excitable  for  hours  even 
in  warm-blooded  animais,  points  to  an  enormous  power  of  résistance, 
and  it  follows  that  the  medullary  sheath  is  an  effective  means  of 
protection. 

If  any  excitation,  best  an  exactly  measurable  electrical  stimulus, 
be  employée!  to  test  the  excitability  of  a nerve  which  has  been 
separated  from  its  centre,  by  observing  the  graduai  alterations  in 
the  reaction  of  the  terminal  organ  {c.g.  muscle),  the  alterations  of 
excitability  at  any  one  point  of  the  nerve,  as  well  as  at  different 
points  along  its  course,  will  be  of  a very  involved  character.  The 
sirnplest  hypothesis,  as  regards  the  former,  is  that  the  excita- 
bility of  every  particle  of  the  nerve  sinks  in  time  by  regular 
gradations  to  zéro.  Certain  observations  of  Piosenthal  (38) 
appear  to  contradict  tins  theory,  as  showing  that  a considérable 
increase  of  excitability  précédés  its  diminution,  at  every  point. 
Piedermann,  however,  like  Mommsen  and  more  recently  Werigo 
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(39),  Avas  not  coiivinced  of  the  accuracy  of  this  last  statemeiit, 
and  iuvariably  found  (if  desiccation  and  ail  injurions  influences 
Avere  as  far  as  possible  excluded)  a slow  and  regular  fall  of 
excitability  at  any  point  of  the  neiwe,  so  far  as  could  be 
deterinined  on  an  excised  frog’s  nerve- muscle  préparation  by 
comparing  the  heights  of  twitch,  on  stimulating  Avith  single  sub- 
maxinial  induction  shocks  of  nniform  strength.  Another  fact, 
on  the  contrary,  is  easily  confirmed.  Valli,  Pfaff,  and  liitter 
observed  that  any  (motor)  nerve,  after  the  death  of  the 
animal,  or  simply  after  séparation  from  the  central  organ, 
iuvariably  lost  its  capacity  to  produce  twitches  in  the  correlated 
muscle,  011  stimulation,  first  in  its  central  parts,  next  in  the 
branches,  last  of  ail  in  the  ramifications  by  Avhich  it  terminâtes  in 
the  muscle.  ïhis  centrifugal  mardi  of  death  in  the  nerve  (A^alli 
and  Eitter)  might  be  expected  at  a very  different  rate  in  different 
animais,  i.e.  it  is  quickest  in  Avarni-blooded,  sloAvest  in  cold- 
blooded  créatures,  the  nerves  of  the  latter  retaining  their  excit- 
ability for  days  Avhen  protected  from  évaporation  at  low 
température.  The  interprétation  of  these  observations  is  less 
simple  than  might  be  concluded  at  first  sight.  Du  Bois-Pieymond 
pointetl  out  the  possibility  that  the  dying  nerve  might  not  be  able 
to  transmit  excitation  over  as  extended  tracts  as  the  normal 
living  nerve,  and  Mommsen  {l.c.),  as  Avell  as  Szpilmann  and 
Luchsinger  (22),  afterwards  subscribed  to  the  saine  opinion.  And, 
in  fact,  ail  pheiioniena  corresponding  AAÛtli  the  Eitter-Valli  laAv 
may  be  interpreted  Avithout  difiiculty  under  the  presumption  of 
an  equal  fall  of  excitability  at  ail  points,  assuming  oiily  that 
conductivity  sinks  more  quickly  than  the  poAver  of  direct 
response. 

At  a further  stage  of  dissolution,  visible  anatomical  changes, 
known  as  fatty  degeneration,  occur  in  the  nerve  (more  especially 
when  medullated)  that  lias  been  separated  from  its  centre.  If  a 
mixed  nerve  is  divided  at  any  point,  and  the  peripheral  trunk 
examined  after  some  days  or  Aveeks,  the  fibres  Avill  throughout  be 
found  uniformly  altered,  and  the  medullary  sheath  broken  np  or 
Avhollv  disinteyTated.  The  reniains  of  the  sheath  avüI  be  visible 
as  spindle-sbaped  lumps  upon  the  fibre,  in  which,  along  Avith  fiakcs 
of  medulla,  there  are  drops  of  fat  of  difierent  sizes.  Eventually, 
the  connective  tissue  alone  remains,  ail  nervons  structures  having 
vanished.  If  the  alterations  in  the  central  end  of  the  divided 
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iierve  are  simultaneously  iiivestigated,  tliey  will  be  fomid  only  iu 
the  immédiate  neiglibourhood  of  the  eut  surface,  and  are  but  little 
developed  ; furtlier  ou,  tlie  fibres  show  hardly  any  perceptible 
changes,  and  the  nerve  also  remains  permanently  excitable. 

Waller’s  investigation  of  the  roots  of  the  spinal  nerves  threw 
much  light  ou  the  subject,  showing  plainly  that  the  gauglion-cells 
exert  a “trophic”  influence  on  the  nerve-fibres  counected  with  them, 
as  indeed  does  every  nucleated  cell  upon  its  uon-nucleated  pro- 
longations. Degeneration  of  the  periplieral  end  invariably  follows 
the  division  of  the  anterior  root  of  a spinal  nerve,  while  the 
central  end,  which  is  still  counected  with  the  cord,  remains  normal. 
After  dividing  a posterior  root  the  conséquences  vary  according 
as  the  section  is  between  spinal  cord  and  ganglion,  or  is  peripheral 
to  the  latter.  In  the  first  case  the  central  end,  which  is  counected 
with  the  cord,  dégénérâtes,  and  the  degenerated  fibres  may  be 
followed  a long  way  into  the  cord  itself  (in  the  posterior  columns)  ; 
the  end  counected  with  the  ganglion,  on  the  contrary,  like  the 
ganglion  itself,  is  unaltered. 

After  dividing  the  nerve  on  the  peripheral  side  of  the  ganglion, 
the  end  counected  with  the  latter  is  not  affected,  while  the 
peripheral  end  degenerates.  From  repeated  experiments,  there- 
fore,  we  must  conclude  that  the  cells  of  the  spinal  ganglion  are 
the  parent-cells  (or  trophic  centres)  of  the  posterior  root-fibres, 
while  the  cord,  and  its  large  nmltipolar  cells  in  the  anterior  horn, 
are  the  trophic  centres  of  the  anterior  root-fibres.  This  agréés 
with  the  development  of  the  fibres,  since  the  spinal  ganglia 
comprise  the  true  parent-cells  of  the  posterior  roots.  The 
degeneration  of  divided  nerve-trunks  has  been  successfully 
employed  in  vertebrates  to  discover  the  course  of  certain  bundles 
of  fibres  within  the  central  organ  (spinal  cord),  by  means  of  the 
easily-recognised  alterations  of  the  medullary  sheath.  The 
arrangement  of  the  posterior  columns  of  the  cord  has  been  very 
accurately  determined  by  this  methocl. 

We  hâve  thus  far  assumed  that  a nerve-fibre  must  be  perfectly 
homogeneous  under  normal  conditions  from  its  origin  to  its  end, 
at  ail  points  of  its  course,  i.e.  that  it  présents  no  essential 
différences  in  regard  to  excitability  and  conductivity.  This  pre- 
sumption  is  indeed  not  justified.  We  liave  long  been  in 
possession  of  certain  facts  which  show  that  different  parts  of  the 
nerve  are  anything  but  homogeneous.  Tlie  sole  gauge  of 
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excitability  is,  of  course,  the  reaction  of  the  terminal  organ  as 
cliscliarged  by  a stimulus  of  definite  magnitude,  and  nearly  ail 
experiments  bearing  on  tins  point  relate  to  elcdrical  e.ixitatiun  of 
motor  nervcs — the  electrical  stimulus  beina:  the  sole  test  that  is 
sufficiently  accurate.  Tlie  relations  to  be  determined  at  any 
point  of  the  nerve  between  magnitude  of  stimulus  and  magnitude 
of  effect  coincide  in  the  main  with  those  shown  above  to  obtain 
in  direct  excitation  of  the  muscle.  If  a tract  of  nerve  is  stiniulated 
by  gradually  increasing  single  induction  currents,  it  will  be  found 
that  currents  of  which  the  intensity  lies  below  a given  limit 
(“  liminal  ” value)  do  uot  excite,  while  with  increasing  current 
intensity  the  height  of  twitch  is  also  augmented — the  rise,  according 
to  Ficlc  (40),  being  proportional  within  a certain  range, while, accord- 
ing to  Hermann  (40),  it  is  at  first  rapid  and  then  more  graduai, 
ïhe  connecting  line  between  the  summits  of  the  single  twitches 
would  thus,  according  to  Ficlc,  rise  obliquely  to  its  maximum, 
according  to  Hermann  it  Avould  form  a curve  concave  to  the 
abscissa. 

Seeing  that  there  is  a discharge  of  potential  energy  in  excita- 
tion of  nerve,  as  in  direct  excitation  of  muscle,  and  indeed  in  any 
excitation  of  living  matter,  it  is  a priori  évident  that  there  can 
be  no  constant  relation  between  strength  of  stimulus  and 
effect.  ïhe  excitability  of  a nerve  can  only  be  compared  with 
other  organs,  or  nerves,  or  different  points  of  the  saine  nerve, 
by  employing  the  “ liminal  value  ” of  the  electrical  stimulus  as 
the  (reciprocal)  measure  of  excitability.  Eosenthal  (41)  was 
thus  able  to  establish  the  fact  that  the  spécifie  excitability  of 
nerve-substance  is  gi’eater  than  that  of  striated  muscle,  or,  as  it  may 
be  expressed,  that  the  indirect  is  greater  than  the  direct  exciteibility 
of  muscle.  Eosenthal  applied  the  sciatic  nerve  longitudinally  to 
a curarised  gastroenemius.  Induction  currents  were  then  led 
through  both  nerve  and  muscle,  which,  as  the  résistances  of  the  two 
were  approximately  equal,  were  proportionately  distributed  between 
both  sections,  i.e.  current  Ilowed  in  both  tissues  at  equal  deusity. 
The  iudirectly  excited  muscle  first  began  to  twitch  as  the 
current  was  gradually  strengthened  by  pushing  up  the  coil,  i.e. 
nerve  responds  to  weaker  electrical  excitation.  The  results 
obtained  by  tins  method  at  different  points  of  the  sanie  nerve  are 
also  of  interest. 

Budge  (42)  observed  that  “the  sciatic  nerves  are  more 
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excitable  neav  the  point  where  tliey  leave  tlie  spinal  cord  tlian 
lo^Yer  down,  and  at  tins  last  point  again  tlian  at  a still  lower  place, 
etc.”  He  conclnded  that  “greater  force  lunst  be  einployed  to 
evobe  a twitch,  in  proportion  as  tlie  seat  of  excitation  is  furtber 
froin  the  spinal  origin  of  tlie  nerve,  or  (wliicb  is  the  saine  tliing) 
nearer  to  its  insertion  in  tlie  muscle.”  He  found,  nioreover,  in  the 
course  of  his  experiments  that  certain  points  in  the  nerve  “ are 
inucli  more  excitable  tlian  others  lying  both  above  and  below 
tliehi,  while  others  again  are  characterised  by  great  inexcitability.” 
These  last  he  terined  “ nodal  points.”  The  excitation  of  one  point 
of  a nerve  at  a given  strength  of  cnrrent  will  often  discharge  a 
perceptible  twitch,  while  a point  1 mm.  off,  with  the  same  strength 
of  cnrrent,  gives  no  sign  of  contraction.  One  point  especially 


noticeable  in  this  connection  lies  in  the  niiddle  third  of  the  thigh, 
where  the  nerve  gives  off  a large  branch.  Another  such  is 
commonly  found  near  the  starting- point  of  the  motor  roots, 
rtiüger  (43)  subsequeutly  suinmed  up  ail  these  facts  in  the  dictuni 
that  “ the  same  stimulus,  applied  in  succession  to  two  different 
points  of  the  nerve,  does  uot  excite  the  muscle  in  the  same  degree  ; 
that  excitation  is  the  more  effective  which  is  applied  at  the  point 
most  distal  to  the  muscle.”  The  highest  tract  al  one,  next  to  the 
section,  was  relatively  less  excitable.  According  to  Pflüger,  the 
curve  of  excitability  drawn  from  the  nerve  as  abscissa  woiild, 
therefore,  resëmble  Fig.  163.  There  is  a dépréssion  at  the  point 
where  the  brandi  is  given  off  to  the  thigh.  It  is  ipiestionable 
whether  the  ordinates  of  this  curve  caii  really  be  regarded 
as  a direct  measure  of  excitability.  It  is  évident  that  they 
express  only  relative  magnitudes  of  stimulation -elfects  at  the 
different  points  of  the  nerve,  two  explanations  of  the  diminution 
towards  the  periphery  beiiig  conceivable.  Either  the  excitability 
of  the  nerve  is  greater  in  proportion  as  the  point  stimnlated 
lies  nearer  the  central  organ,  or  the  same  stiinnlus  calls  ont 
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tlie  same  streiigtli  of  excitation  at  ail  points  of  the  nerve, 
while  the  excitation  itself  increases  with  the  distance  froin  the 
inotor  organ  (muscle).  Pllüger  decided  for  the  last  alternative,  and 
concluded  from  the  above  facts  that  the  excitation  c;athers  stremîth 
in  its  passage  down  the  nerve  (“  avalanche  theory  ”),  although  the 
contrary  would  a i^riori  be  expected.  The  avalanche-like  incrément 
would,  as  Hermann  pointed  out  {Handbuch,  ii.  1,  p.  113),  justify 
the  important  conclusion  “ that  conduction  dépends  not . simply 
upon  an  undulatory  mOvement  propagatiug  itself  from  particle  to 
particle,  but  upon  the  independent  discharge  of  potential  energy  in 
the  nerve,  from  which  it  follows  tliat  the  transformed  energy  in 
each  consecutive  element  of  the  nerve  is  slightly  greater  than  in 
the  preceding  element.”  Tlie  wide  bearing  of  this  conclusion 
makes  it  essential  that  the  underlying  facts  should  be  thoroughly 
sifted.  Heidenhain  (44)  referred  the  cause  of  the  greater  activity 
of  the  higher  tracts  of  divided  nerves  to  the  proximity  of  the  ^ 
artificial  section.  “ The  lower  end  of  the  nerve  at  once  exhibits 
the  same  marked  activity  as  the  upper  end,  if  a section  is  made 
lower  down  ; excitability  is  raised  near  the  section.  The  distance 
from  the  divided  end  is  not,  therefore,  the  determining  factor  in  the 
magnitude  of  effect,”  and  this  applies  to  each  stage  of  the  survival  \ 
of  rnedullated  nerve.  The  cause  of  this  marked  action  from  the 
cro.ss-section  will  be  discussed  below,  in  considering  the  effect  of 
electrical  stimulation  upon  the  excitability  of  the  nerve. 

Given  that  the  unecpial  excitability  of  different  points  of  the 
divided  nerve  is  conditioned  by  the  cross-section,  there  is  on  the 
other  hand  evidence  to  show  that  regular,  local  différences  of 

excitability  exist  in  the  undividcd  nerve  as  well,  the  points  at  | 

which  branches  are  given  off  being  in  particular  characterised  | 
by  irregular  excitability.  According  to  Heidenhain  {I.c.),  excit-  j 

ability  in  tlie  frog’s  sciatic  is,  as  a rule,  higher  in  the  upper  \ 

two-thirds  than  in  the  lower  third.  The  curve  shows  a • 

turning-point  somewhat  above  the  bifurcation  of  tlie  sciiitic  into  j 

jieroneal  and  tibial  branches.  It  is  lowest  at  this  point,  highest  near  | 

the  point  of  departure  of  the  branches  to  the  thigh  (Fig.  164). 

Still  more  complicated,  according  to  Hermann  and  v.  Fleischl  (45),  ) 

is  the  curve  of  excitability  of  uiiiiijured  nerve,  since  the  direction  J 
of  the  excitiiig  currents  is  also  of  extrenie  importance  to  the  < 
magnitude  of  the  effect.  Hescending  induction  currents  are  ( 

particularly  effective  at  upper  points  of  the  sciatic,  ascending  | 
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Fio.  164. — Curve  of  excitability  along  tlie 
•sciatic  iicrve.  (Heidenliain.) 


curreiits  at  lower  points.  V.  Fleischl,  indeecl,  iiiakes  tlie  inatter 
still  more  complicated  by  dividiiig  tlie  eiitire  iierve  into  a number 
of  segments,  each  of  wbicb  is  more  susceptible  to  tbe  descending 
carrent  in  its  npper  half,  to  tlie  ascending  carrent  in  its  lower,  and 
to  both  currents  equally  at  tlie  centre  (“  eqnator  ”). 

In  view  of  tliese  several  experinients  it  seems  a priori  most 
probable  tliat  excitability  in  tlie 
normal  nerve  of  tlie  living  animal 
is  eqiial  at  ail  points  of  its  course. 

Electrical  excitation  is  really  less 
litted  for  determining  tliis  than 
Chemical  or  ineclianical  stiniuli.  Witli  tbe  last,  Tigerstedt  (46) 
bas  actually  ascertained  tlie  eqiial  excitability  of  ail.  points  of  tbe 
nninjured  nerve.  ïbere  is  tberefore  no  “ avalancbe  ” incrément 
of  excitation,  or,  at  least,  no  fact  is  kiiown  wbicb  compels  us  to 
assume  its  existence. 

Certain  différences  (wbicb  seem,  bowever,  to  be  caused  less  by 
local  disparity  of  tbe  true  excitable  substance  of  tbe  axis-cylinder 
tban  by  local  irregularity  of  development  in  tbe  investing 
medullary  sbeatb)  do  nevertbeless  exist  between  tbe  central  and 
peripberal  tracts  of  nerve.  Tbese  are  indicated  not  nierely  by 
bistological  evidence  (Clara  Halperson,  47),  but  also  by  tbe  fact 
tbat  tbe  upper  end  of  tbe  frog’s  sciatic  is  more  susceptible  to  tbe 
action  of  poisons  (alcobol,  etc.),  tban  tbe  deeper  segments. 

Tbe  observations  of  Clara  Halperson  sbow  for  electrical,  and 
tbose  of  Elron  (48)  lor  otber  (cbeniical,  thermal,  mecbanical) 
stiniuli,  tbat  tbe  responsive  capacity  in  tbe  npper  segments  of 
tlie  nerve  is  greater  in  itself,  and  is  raised  more  rapidly,  and  to  a 
bigher  degree,  by  reagents  wbicb  augment  excitability,  as  well  as 
by  beat,  tban  is  tbe  case  in  tbe  lower  segments. 

Tbe  application  of  toxic  substances,  or  of  cold,  again  takes 
effect  sooner  in  tbe  upper  segments.  Efron  found,  ejj.,  witli 
two  frog’s  nerves  (of  equal  lengtb  and  equal  excitability),  one  of 
wbicb  was  treated  above,  and  tbe  otber  below,  witb  dilate  aniyl 
alcobol,  tbat  tbe  excitability  of  tbe  upper  tract  of  tbe  nerve  dis- 
ajipeared  completely,  wbile  tbat  of  tbe  lower  was  still  nninjured. 
In  view  of  tbe  intimate  connection  between  excitability  and 
conductivity,  it  is  not  reniarkable  tbat  conductivity  sbould  be 
differently  affected  in  tbe  upper  and  lower  parts,  like  excitability. 
According  to  Efron,  wbo  depre.ssed  tbe  excitability  of  tbe  middle 
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tract  of  tlie  iierve  by  treatment  witli  aniyl  alcoliol,  and  compared 
its  local  capacity  of  respouse  witli  excitability  at  two  otlier  points 
of  tlie  nerve,  above  and  below,  excitability  diniinislies  in  the  first 
place  more  rapidly  tban  conductivity,  since  (as  in  Grnnhagen’s 
experiinent  witli  local  CO,  narcosis)  tlie  excitability  of  the  injnred 
point  is  considerably  reduced,  at  a time  wben  it  still  apjDears  to 
be  nnaltered  at  tlie  npper  point.  At  a later  stage,  on  the  otlier 
hand,  tliere  is  an  opposite  reaction  : conductivity  is  totally 
abolished,  wliile  local  excitability  persists  in  a low  degree. 

IV.  Excitability  in  Différent  ISTerves 

Ail  these  facts  regarding  excitability  of  nerve-fibre  relate  to 
the  usual  frog’s  nerve-ninscle  préparation,  i.e.  gastrocnemius  muscle 
and  sciatic  nerve.  If  \ve  take  tire  whole  limb,  and  test  the 
reaction  of  the  otlier  muscles  supplied  by  the  same  nerve,  with 
different  strengths  of  current,  the  same  intensity  of  stimulus  does 
not  throw  ail  the  muscles  simultaneously  into  excitation  ; on  the 
contrary,  weak  stimuli  applied  in  the  leg  of  the  frog  to  the 
comiuon  nerve -trunk  produce  mo veulent  in  one  functionally 
co-ordinated  group  of  muscles,  i.e.  the  more  excitable,  while 
stronger  excitation  causes  movement  of  another  functionally  com- 
bined,  but  less  excitable,  group  of  niuseles.  The  first  set  comprise 
the  flexors,  as  was  pointed  out  by  Eitter  at  the  begiiining  of  the 
century,  the  second  the  extensors.  His  often  confused  remarks, 
wliicli  are  interwoven  with  the  mystical  spéculations  of  the  natural 
philosopher,  culminate  in  the  notion  of  an  excitability  “liniited, 
conditioned,  and  finite  ” of  tlie  flexors,  “ unlimited,  unconditioned, 
absolute  ” of  tlie  extensors.  Eitter’s  conclusions  bave  been 
frequently  contradicted,  amongst  others  by  du  Bois-Eeymond,  wlu> 
refers  to  tlieiii  in  his  great  work  as  higlily  improbable,  urging  that 
they  should  be  rejected  until  fresh  and  nnimpeachable  experiments 
should  be  forthcomiug. 

Tins  task  was  undertaken  in  1874  by  Eollett  (49),  who 
rescued  the  investigations  of  Eitter  from  oblivion,  and  contirmed 
theni  by  nunierous  experiments.  He  did  not,  like  Eitter,  eniploy 
the  constant  current,  but  a rapid  succession  of  tetanising  induction 
curreiits.  With  these  it  is  easy  to  ascertain  that  minimal  stimuli 
first  send  those  muscles  into  tetauus  wliicli  move  the  foot 
and  tendon  forwards  and  upwards,  and  also  abduct  the  toes 
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(M.  tibialis  antic.,  iieronæus,  Hexor  tarsi  aiiterior  and  posterior,  M. 
exteiisores,  abductores  digit.  and  interossei)  ; with  stronger  excita- 
tion of  the  coinmon  nerve,  on  the  other  hand,  tlie  extensors  of  the 
foot  move  backwards  and  downwards  along-  with  the  addnctors 
of  the  toes.  The  first  group  (“  liexors  ”)  are  inainly,  if  not 
exclusively,  supplied  by  the  peroneal  nerve,  the  second  by  the 
tibial  nerve,  so  that  in  tins  préparation  (frog’s  leg)  ail,  or  at  any 
rate  nearly  ail,  the  fibres  which  subserve  the  antagonistic  gronps 
of  muscles  are  found  in  the  two  primary  branches  of  the 
common  nerve.  In  subséquent  experinients  Eollett  recorded 
the  isolated  contractions  of  the  antagonistic  groups  of  muscles, 
showing  that  only  the  flexors  really  contract  at  first,  and  not  the 
extensors  ; increase  of  stimulus  iuduces  weak  extension  along 
with  more  prouounced  flexion,  and  fînally  the  extensor  exceeds 
the  fiexor  contraction.  By  making  the  antagonist  muscles 
Work  against  each  other  on  the  sanie  lever  (antagonistograph), 
and  record  the  effects  of  this  opposite  action,  Eollett  finally  con- 
vinced  himself  that  when  the  nerve  is  excited,  the  flexors  respond 
to  weak  stiniuli  with  a greater  yield  of  work  than  the  extensors. 
The  fiexor  movements  increase  witli  augmentation  of  stimulus  up 
to  a certain  point,  at  which  they  are  overtaken  by  the  extensors; 
there  is  an  intermediate  stage  of  “ struggle  ” between  the  anta- 
gonistic reactions.  The  saine  différences  in  excitability  of  flexors 
and  extensors  obtain  in  the  rabbit  {cf.  Fri.  Volklin,  Hermann’s 
Hmulh.  i.  1,  p.  113).  Mechanical  and  Chemical  stiniuli  produce 
the  .saine  effect  as  electrical  excitation  (Osswald,  50).  Osswald, 
by  careful  graduation  of  the  shocks  from  an  apparatus  modelled 
npon  Heidenhain’s  tetano-motor,  succeeded  (witli  minimal  excita- 
tion of  the  nerve)  in  evoking  fiexor  movements  from  frogs 
as  well  as  toads,  which  changed  to  extensor  movements  on 
gradually  increasing  the  stimulus.  The  extensors  ultiniately  got 
the  upper  hand,  and  tetanus  in  extension  made  its  appearance. 
The  saine  effect  was  produced  by  Chemical  stimulation  with  sodium 
chloride  and  other  salts. 

Similar  différences  in  the  excitability  of  the  nerve -muscle 
organ  appear  with  other  antagonistically  working  muscles. 
Grützner  (51)  found  that  during  weak  excitation  of  the  vagus 
the  constrictors  of  the  glottis,  during  stronger  excitation  the 
dilatators,  contracted.  Friinkel  and  Gad  (52)  .showed  that  the 
effect  of  gradually  cooling  the  récurrent  nerve  was  to  eut  ont  the 

VOL.  Il  II 


fl8 


ELECTRO-PHVSIOLOGY 


CHAP  . 


crico-arytæiioideus  posticus  muscle  earlier  tlian  the  coustrictor  of 
the  glottis,  and  Semon  and  Horsley  (53)  determined  a peripheral, 
differentiating  action  of  ether  npon  the  laryngeal  muscles  in  the 
saine  sense. 

The  différences  of  excitability  in  functionally  differing  nerve- 
muscle  organs  are,  however,  inost  striking  in  certain  invertebrates, 
and  most  of  ail  in  the  claw  of  the  crayfish.  Eichet  and  Luch- 
singer  (54)  first  observée!  that  weak  excitation  of  the  claw-nerve 
opened,  and  stronger  excitation  closed,  the  claw.  Fick  (55),  who 
had  made  objections  (subsequently  shown  to  be  unfounded) 
to  Eollett’s  first  experiments  on  the  frog’s  leg,  tried  to  explain 
the  observations  of  Eichet  and  Luchsinger  on  purely  rnechanical 
grounds,  as  due  to  the  anatomical  relations  of  the  excited  muscles. 
Tins,  however,  was  easily  disproved  (Biedermann,  56).  If  the 
claw-nerve  is  excited  with  the  alternating  current  of  an  induction 
coil,  by  inserting  two  platinum  points  through  the  second  or 
third  joint  (after  arranging  for  the  simultaneous  graphie  record  of 
the  changes  of  form  in  both  antagonist  muscles,  by  means  of 
separate  levers  for  each  muscle)  the  saine  fact  appears  as  in  the 
normal  uninjured  claw,  i.e,.  as  a rule  the  abductor  muscle  con- 
tracts  with  weaker,  the  adductor  with  stronger  excitation  of  the 
nerve. 

When  the  current  is  strengthened  by  gradually  pushing  up  the 
coil,  the  response  to  excitation  being  read  off  each  time,  it  is  fourni 
in  a muscle  free  of  tonus  that  the  abductors  alone  react  at  a given 
distance  of  coil.  With  furtlier  streimtheniug  of  stimulus,  the 
effects  increase  up  to  a certain  limit,  and  then  decrease  and  lînally 
disappear,  without  any  simultaneous  change  of  form  in  the 
adductor  muscle.  The  coils  may  then  be  brought  much  doser 
together  without  producing  any  perceptible  excitatoiy  effects  in 
either  muscle.  The  adductor  muscle  first  cornes  into  play  at  a 
given  strength  of  stimulus,  and  responds  to  each  subséquent 
excitation  up  to  the  maximum  of  current  intensity,  while  the 
abductors  give  no  perceptible  reaction.  The  abductor,  however, 
frequently  contracts  at  the  close  of  excitation,  with  the  coil 
pushed  home  (Figs.  165,  166). 

In  every  such  case  there  is  a certain  interval  of  current 
intensity,  during  which  neither  of  the  antagonist  muscles  reacts 
to  excitation  from  the  nerve.  The  magnitude  of  tins  “ neutlval 
zone  ” varies  in  diflerent  cases.  Moreover,  it  should  be  noted  that 
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a neutral  peiiod,  in  tlie  strict  seiise  of  the  word,  is  iiot  always 
demonstrable,  and  does  not  usually  exist,  as  meaning  an 
interval  of  cnrrent  intensity  at  wliicli  neitlier  muscle  gives 


Fio.  165.— Contraction  curves  of  adductor  muscle  (upper)  and  abductor  muscle  (lower)  in  the  cray- 
flsh  claw,  excited  from  the  common  nerve  with  increasing  strength  of  tetanising  induction 
currents.  The  figures  mark  the  distance  of  coil  in  centimètres. 


any  sign  of  response.  There  is  always  a given  strengtli  of 
excitation  at  whicli  the  contraction  of  both  abdnctors  and 
adductors  is  very  feeble,  but  the  stimulation  is  never  wholly 
ineffective.  In  such  a case  a slight  alteration  of  the  secondary 
coil  in  one  or  the  other  direction  suffices  to  elicit  maximal 
contractions  from  either  adductors  or  abductors. 

In  order  to  ascertain  the  presence  or  absence  of  a “ neutral 


Fig.  166. — Contraction  curves  witli  indirect,  tetanising  excitation  of  adductor  (upper)  and  abductor 
(lower)  muscles  of  craylish  claw,  witli  graduai  approximation  of  secondary  coil. 

zone,”  it  is  convenient  to  excite  the  nerve  continuously,  while 
steadily  pushing  up  the  coil.  The  abductor  muscle  is  first  to 
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contract  and  relax  again,  after  whicli  follows  tlie  neutral  period, 
or  else  tbe  relaxation  of  the  abductor  is  imniediately  followed  by 
tbe  contraction  of  tbe  adductor  (Fig.  IGG). 

Altbongb  tbe  alternation  between  tbe  antagonist  muscles  is  tbus 
by  no  nieans  sucb  tbat  tbe  excitation  of  tbe  one  inust  inevitably 
exclude  tbat  of  tbe  otber,  tbis  frequently  is  tbe  case.  And  witb- 
out  exception,  during  maximal  excitation  of  tbe  adductor  muscle, 
tbe  abductor  is  cpiiescent,  and  vice  'versa. 

Tbe  analogous  eftect  of  mecbanical  and  cbemical  stimulation 
may  be  demonstrated  bere,  as  in  tbe  ordinary  Eitter-Eollett 
pbenomenon.  It  is  always  plain  tbat  tbe  action  of  tbe  abductor 
muscle  preponderates  immediately  after  cutting  off  tbe  claw, 
wbile  at  tbe  moment  of  amputation  tbere  is  a rapid  and  transi- 
tory  adduction. 

Obviously  tbere  is  bere  a complicated  action  of  tbe  mecbanical 
stimulus  upon  tbe  nerves  of  botb  muscles,  wbicb  could  oiily  be 
analysed  after  furtber  investigation  ; no  less  striking  is  tbe  fact 
tbat,  in  tbe  majority  of  cases,  cbemical  excitation  of  tbe  claw- 
nerve  (by  dipping  a fresb  section  of  tbe  linib  into  concentrated 
ISTaCl  solution)  causes  tbe  action  of  tbe  abductor  to  preponderate, 
altbongb  tbe  adductor  may  be  tbrown  into  violent  contraction  by 
tbe  same  stimulant,  as  appears  more  especially  wben  tbe  abductor 
bas  previously  been  divided. 

Tbe  innervation  of  tbe  antagonist  muscles  of  tbe  crayfisb 
claw  is  furtber  complicated  by  tbe  fact  tbat  eacb  of  tbe  two 
muscles  is  undoubtedly  supplied  by  inbibitory  as  vell  as  by 
motor  nerve-fibres,  and  tbese — as  regards  relations  of  excitability — 
bebave  in  a diametrically  opposite  manner  to  tbe  motor  nerves. 
Botb  adductors  and  abductors  usually  exbibit  a kind  of  tonus, 
wbicb  appears  most  plainly  after  dividing  tbe  antagonist  muscle. 
If  in  sucb  a case  (after  cutting  tbrougb  tbe  abductor)  tbe  nerve 
of  tbe  limb  is  excited  witb  alternating  tetanising  currents,  wbile 
tbe  secondary  coil  is  gradually  pusbed  up  to  tbe  primary,  tbe  first 
effect  of  exciting  tbe  nerve  will  invariably  be  abduction  of  tbe 
claw,  wbicb  under  tbe  circumstances  can  only  be  caused  by  tbe 
relaxation  and  conséquent  élongation  of  tbe  adductor  muscle.  If 
tbe  excitation  is  strengtbened  by  graduai  approximation  of  tbe 
coils,  tbe  same  effect  increases  at  first,  until,  at  a certain  and 
generally  considérable  intensity  of  current,  eacb  excitation  causes 
a vigorous  adduction  of  tbe  claw  wbicb  lasts  tbrougbout  tbe 
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tetaïuis.  If  the  excitation  is  weakened  again,  tlie  opposite  effect 
occurs,  i.c.  tlie  muscle  relaxes.  Witli  tlie  gracUial  disajipearance 
of  tlie  tonie  contraction,  tlie  visible  excitation  effects  appear  in 
oue  direction  only,  naniely,  closure  of  tlie  claw,  i.c.  contraction  of 
tlie  muscle.  The  sanie  tliing  of  course  follows  in  préparations 
Avliere  tlie  adductor  muscle  froiii  tlie  first  manifests  no  perceptible 
tonus.  In  correspondence  witli  tlie 
cbaracteristics  of  tliis  muscle  as  cross- 
striated,  tlie  changes  of  form  described 
take  place  witli  considérable  rapidity. 

If  tliey  are  grapliically  recorded  on  a 
slowly-moving  surface  (Fig.  167),  tlie 

cnrve  sinks  nearly  at  right  angles  at  Fro.  107. — Tetaiiising  excitation  of  acl- 
tlie  beginning  of  tlie  tetanus,  when  tlie 
muscle  undergoes  sudden  and  often 
maximal  relaxation.  At  tliat  strength 
of  current  with  whicli  the  inliibitory  excitation  passes  into  its 
contrary,  tlie  effects  are  not  seldoni  in  botli  directions,  and  many 
irregularities  are  mauifested. 

O 


ductor  muscle  of  craytisli  claw  in 
persistent  tonie  contraction  ; suc- 
cession of  brief  inliibitions  (relaxa- 
tion) at  eacli  excitation  of  the  nerve. 


In  cases  where  the  natural  tonus  is  wanting,  tlie  inliibitory 
effect  of  stimulating  the  nerve  may  sonietinies  be  demonstrated  if 
tire  relaxed  and  resting  muscle  is  artificially  tlirown  into  persistent 
or  rhytlimically  interrupted  excitation.  ïliis  is  easily  effected  by 
incliiding  a métronome  in  the  secondary  circuit,  as  well  as  the 
vibrating  hammer  of  the  coil,  so  that  groups  of  induction  shocks  at 
any  required  rhythni  may  be  sent  into  the  adductor  muscle  by 
means  of  two  platinum  points  thrust  through  the  chitiuous  sheatli 
of  the  claw.  Eegular  rhythmical  contractions  are  thus  produced, 
which  can  be  affected  by  siniultaneous  excitation  of  the  nerve  in 
the  saine  way  as  the  natural  heart-beat,  by  excitation  of  the  vagus. 
If,  in  the  préparation  in  question,  the  adductor  muscle  is  tlirown 
into  moderato  persistent  contraction  by  direct  rhythmical  excita- 
tion, and  only  oscillâtes,  as  it  were,  about  its  new  position  of 
equilibrium,  in  the  rhythm  of  the  métronome,  a more  or  less  rapid 
relaxation  occurs  at  the  conimencement  of  inliibitory  excitation  of 
the  nerve  by  tetanising  induction  currents  (as  in  natural  tonus). 
This  is  grapliically  expressed  as  a shallow  inflection,  or  as  a rapid 
fall  of  the  curve,  corresponding  with  complote  relaxation  of  the 
muscle.  In  the  first  case  (as  nearly  always  happons  with  minimal 
excitation  of  the  nerve),  the  magnitude  of  the  rhythmical  variations 
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iisually  remaiiis  mmltered,  or  at  iiiost  unclergoes  some  insignificant 
changes,  With  stroiiger  excitation  the  resuit  is  otherwise.  Tliere 
will  then  be,  along  with  the  relaxation  of  the  muscle  and  consé- 
quent fall  of  the  curve,  a perceptible  and  often  considérable 
diminution  in  the  height  of  the  individual  contractions,  which 
does  not  necessarily  entail  an  alteration  in  rhythm.  This  may  be 
carried  so  far  as  to  reuder  the  changes  of  form  in  the  muscle  quite 
imperceptible  at  the  time  of  greatest  relaxation,  or  at  most  in- 
dicated  as  slight  undulations  in  the  curve  (Fig.  168).  The  tracings 
obtained  from  such  inhibitory  effects  not  infrequently  exhibit  a 
superficial  resemblance  to  kymographic  curves,  which  show  the 
inhibitory  action  of  the  excited  vagus  upon  cardiac  movements. 


I > t 1 I.  I I 1 > 


1 1 1 1 1 I 1 I 


■1  1 1 


1 I I I I i 


1 1 I I 


Fig.  KiS. — Inliibitioii  of  artiflcial  contractions  of  adductor  muscle 
of  crayfisU  claw  owing  to  stimulation  of  the  nerve.  The 
contractions  rvere  evoked  by  direct,  rhytlimic  tétanisations 
of  the  muscle. 


Fig.  169. — As  in  Fig.  168. 
Fredominant  diminution 
of  single  contractions. 


From  these  observations  we  learn  that  diminution  of  the 
artiflcial  rhythmical  contractions  proceeds  pari  passa  with  the 
relaxation  of  the  muscle,  and  the  saine  fact  is  even  more  évident 
in  cases  where  the  muscle  lias  time  to  relax  completely  between 
two  consecutive  stimuli.  The  active  inhibitory  action  then 
betrays  itself  only  by  a more  or  less  considérable  diminution 
of  the  single  twitches,  or  (more  correctly)  short  tetani  (Fig.  169). 
Such  a sériés  of  curves  reminds  us  directly  of  the  démonstrations 
of  Heidenhain  and  Lbwit,  on  the  effect  of  minimal  vagus-excitation 
on  the  rhythmical  contractions  of  the  frog’s  heart,  where  the 
flrst  effect  of  inhibition  is  a diminution  of  the  single  beats. 

The  reaction  thus  described  in  the  muscles  of  the  crayflsh 
claw  (which  can  hardly  be  explained  otherwise  than  by  the 
antagonistic  working  of  two  opposite  kinds  of  fibres  passing  by 
the  sanie  nerve-trunk  into  the  adductor  muscle)  is  by  no  iiieans 
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witliout  aualogy.  Pawlow  (57)  long  ago  commumcateci  observa- 
tions ou  the  adductor  muscles  of  the  sliell  of  Anodonta,  from 
which  it  appeared  that  tliese  are  supplied  by  two  kiiids  of  nerve- 
libres  oue  inotor,  subserving  sliortening  of  tlie  muscle,  tlie  otlier 
iuhibitory,  ruimmg  parallel  witli  the  first,  and  counteracting  the 
shortened  state  of  the  muscle,  so  as  to  iiiduce  relaxation.  Ly 
appropriate  excitation,  first  oue  and  then  the  other  eflect  can  be 
brought  prominently  forward.  The  craytish  claw  is,  however, 
bette°’  suited  for  this  démonstration,  since  its  muscles  are  striated, 
and  the  réaction  follows  iucomparably  quicker  than  in  the  smooth 
and  sluggish  molluscan  muscles,  in  whicli,  moreover,  ganglion-cells 
are  interpolated  hetween  the  nerve  and  muscle,  and  are  not  easily 
excluded  from  interférence. 

Cardiac  muscle  is  also  subserved  by  nerve-fibres  of  opposite 
function  and  antagonistic  action,  which  in  many  vertebrates  run 
in  a commoii  trunk,  in  others  again  are  separate,  and  bring  ont 
différences  of  excitability  comparable  in  many  respects  with  the 
above.  Heidenhain  (58),  and  later  on  Lowit,  showed  that 
minimal  excitation  of  the  vagus  always  resulted  in  inhibition, 
i never  (under  these  conditions)  in  accélération,  of  cardiac  activity. 
The  latter  only  appears  with  greater  strength  of  current,  so  that, 
under  the  presumption  of  two  kinds  of  fibres,  it  raay  be  said  that 
the  iuhibitory  nerves  are  more  excitable  than  the  acceleratois. 
(Similar  relations  exist  in  warm-blooded  animais — vagus,  accderans 

c/.  Meltzer,  58.)  On  the  other  hand,  Lowit  finds,  le.,  that  the 

I former  are  more  easily  injured  by  certain  Chemical  reagents 
than  the  latter.  If  the  vagus-trunk  in  the  frog  is  treated  witli 
KNOg  (^  %),  there  is  a stage  at  which  excitation  of  the  nerve 
I produces  accélération  of  cardiac  activity  only,  while  the  saine 
excitation  below  the  part  treated  with  potash  is  inhibitory.  On 
I washing  the  nerve  with  0‘6  % NaCl  the  potash-effect  in- 

I variably  disappears  again,  and  tliis  transformation  of  the  vagus 

from  accelerator  to  depressor  may  be  repeated  several  times  on 
the  saine  préparation.  Other  substances  {le.  p.  493)  hâve  a 
similar  action  to  KNO3,  as  also  vigorous  cooling  (ice).  Alterations 
further  seem  to  occur  in  the  immédiate  vicinity  of  an  artificial 
section,  as  expressed  by  a different  ratio  of  loss  of  excitability 
in  the  antagonistic  kinds  of  fibres.  When  Lowit  placed  the 
électrodes  close  together  (1  mm.)  upon  the  divided  vagus,  so  that 
one  was  applied  directly  to  the  cross-section,  there  was  invariably. 
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witli  given  iutensity  and  ascending  direction  of  the  single 
induction  cnrrents,  a visible  accélération  of  cardiac  activity,  while 
reversai  of  tlie  current  was  sufficient  to  produce  inhibition.  ïhis 
is  no  doubt  due  to  tlie  fact  tbat,  as  will  be  seen  later,  the 
excitation  in  tbe  two  cases  actually  occurs  at  different  points  of 
the  nerve  (in  the  first  instance  nearer  the  cross-section),  where 
the  different  degrees  of  excitability  thus  give  rise  to  different 
excitatory  eflects. 

As  the  vagus-nerve  of  the  frog  contains  distinct  accelerating 
and  iuhibitory  fibres,  there  are  no  less  certainly  différences  of 
excitability  in  the  same.  It  niay  further  be  concluded  that  the 
accelerating  (augnientor)  fibres  are  less  excitable  than  the  de- 
pressors,  but  more  résistant  to  ail  processes  that  threaten  to 
destroy  the  excitability  of  both  kinds  of  fibres.  Tliis  recalls  the 
analogous  relations  of  excitability  in  the  vaso-constrictor  fibres  of 
a nerve-trunk  that  conducts  both  vaso-constrictor  and  vaso-dilator 
impulses. 

At  the  same  time  it  is  not  the  functionally  analogous  fibres 
that  agréé  in  regard  to  excitability  and  résistance,  since  the  cardiac 
inhibitory  fibres  agréé  with  the  vaso-constrictors,  the  cardiac 
accelerators  with  the  vaso-dilators  respectively.  Tins  contrast 
finds  its  most  pronounced  expression  in  the  relations  of  excitability 
between  the  motor  and  inhibitory  fibres  of  the  antagonist  muscles 
of  the  crayfish  claw.  Froni  the  above  evidence  we  are  forced 
to  conclude  that  each  of  these  muscles  is  supplied  by  two 
kinds  of  fibres  (motor  and  inhibitory)  which  are  functionally 
distinct, and  differ  in  regard  to  excitability,not  merely  quantitatively, 
since  the  one  effect  invariably  occurs  before  the  other,  in  regular 
proportion  with  the  strength  of  excitation,  but  also  qualitntivdy , 
seeiug  that  the  inhibitory  fibres  of  the  one  muscle  correspond  in 
their  excitatory  conditions  with  the  motor  fibres  of  the  antagonist 
muscle. 

Similar  différences  of  excitability  to  those  described  above  for 
centrifugal  nerve-fibres  seem  to  obtain  in  centripetal  fibres  also, 
as  shown  by  the  varying  efiects  of  excitation  of  the  central  end 
of  the  vagus,  in  proportion  with  the  strength  of  stimulation. 
Two  kinds  of  fibres  bave  been  determined  in  the  vagus,  which 
hâve  an  opposite  action  upon  the  respiratory  centre  ; the  one 
favouring  inspiration,  the  other  expiration,  when  stimulated.  On 
exciting  with  induction  cnrrents,  the  intensity  of  which  lias  been 
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graduated  as  carefully  as  possible,  the  first  effect  observed  (iii  tlie 
rabbit)  will  in  tlie  niajority  of  cases  be  the  appearance  of  longer 
or  shorter  cxpiratorn  panses,  or  arrest  of  respiration  in  the 
expiratory  position,  while  sti’onger  excitation  always  lias  au 
inspiratonj  effect.  The  inarked  expiratory  action  of  Chemical 
stimnli  inay  dépend  npon  their  lower  intensity.  According  to 
IMeltzer  {l.c.  p.  385),  there  is  ground  for  assuming  in  the  vagus- 
trnnk,  as  in  the  claw-nerve  of  the  crayfish,  four  different  kinds 
of  fibres  : a,  inspiratory  ; h,  inhibitory  of  inspiration  ; c,  expiratory  ; 
d,  inhibitory  of  expiration.  Here,  again,  it  is  remarkable  that 
there  seems  to  be  a gradation  of  excitability,  resembling  that  in 
; the  claw-mnscles,  since  the  fibres  inhibitory  of  expiration  are 

1 most  excited  at  a strength  of  stimulus  which  simultaneously  ex- 

I cites  the  inspiratory  fibres.  At  approximately  the  same  strength 
i of  stimulus  the  inspiratory  fibres  are  excited  and  their  antagonists 
i inhibited. 

In  ail  these  cases  (where  with  different  iutensities  of  stimulus 
I there  are  obviously  different  effects  in  the  peripheral  and  central 
I orgaus  supplied  by  the  same  nerve-trunk)  it  is  a question  whether 

I the  différences  of  reaction  observed  are  due  to  corresponding 

différences  in  the  excitability  of  the  correlated  nerve-fibres,  or 
in  that  of  the  end-organ  itself,  or  in  both  together. 

In  the  cases  observed  by  Eollett,  he  inclines  to  the  view  (since 
no  such  différence  appears  with  direct  excitation  of  the  muscle) 
that  the  cause  of  the  Ilitter-Eollett  phenomenon  lies  solely  in  the 
properties  of  the  nerve,  leaving  undecided  whether  it  dérivés  only 
from  the  different  excitability  of  the  fibres  destined  for  different 
muscles.  Grützner  (59),  on  the  other  hand,  regards  it  as  probable 
that  these  phenomena  arise  from  actual  physiological  différences 
in  the  groups  of  flexor  and  extensor  muscles,  as  well  as  in  the 
entire  nerve-muscle  apparatus.  He  bases  tins  upon  a sériés  of 
observations  already  referred  to,  which  show  a real  physiological 
disparity  between  these  groups  of  muscles,  and  further  prove  that 
the  Ilitter-Eollett  phenomenon  cornes  ofî  after  the  exclusion  of  the 
nerves  and  nerve-endings  by  curare  {l.c.  p.  231). 

I The  preceding  discussion  shows  that  there  are  great  and  almost 
insuperable  obstacles  to  the  comparison  of  the  spécifie  excitability 
i of  different  nerves,  since  we  are  thrown  back  solely  upon  the 
I reactions  from  the  peripheral  or  central  end-organs,  which  differ 
\ intrinsically  in  regard  to  excitability.  And  if  tins  is  apparent 
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eveu  in  fuuctionally  nualogous  end-oigans,  e.rj.  striated  and 
sniootli  muscle,  any  comparison  of  the  excitability  of  nerves  con- 
nected  with  dissimilav  terminal  organs  is  fundamentally  impossible. 
Tins  is  most  plainly  seeu  wlien  the  conditions  for  the  discharge 
of  vejicx  muscular  contractions  are  compared  with  those  for  the 
direct  excitation  of  motor  nerves.  The  great  différences  apparent 
in  the  two  cases  can  hardly  be  referred  to  speciffe  différences  in 
the  nerve-fibres,  but  dérivé  much  rather  from  the  inhérent  pro- 
perties  of  the  nerve-cells,  as  described  above. 

The  most  striking  among  mauy  facts  is  that  a single  short 
stimulus,  whether  meclianical  or  electrical,  inevitably  discharges 
a twitch  when  the  motor  uerve  of  a striated  muscle  is  stimulated 
directly,  but  by  no  means  as  certaiuly  in  the  case  of  reflex 
excitation.  Here,  indeed,  it  is  the  rule  that  a single  brief  stimulus 
acts  only  (if  at  ail)  at  very  high  intensities.  That  the  cause  for 
this  lies  not  so  much  in  spécial  properties  of  the  centripetal 
nerve-fibres  as  in  dissimilar  relations  of  excitability  in  the  central 
reflex  organs  (nerve-cells)  may  be  presurned  from  the  above 
observations  on  conductivity  of  excitation  in  cells  and  fibres. 
We  hâve  seen  that  nerve-cells  présent  a certain  résistance  to  the 
conduction  of  the  excitatory  process,  and  thus  to  excitation  itself, — 
expressed  on  the  one  hand  by  a more  or  less  conspicuous  delay  in 
transmission,  on  the  other  by  the  greater  susceptibility  of  the  sub- 
stance of  the  ganglion  to  short  impacts  of  stimulation.  At  the 
saine  time,  while  the  great  sensitiveuess  of  the  nerve-cells  to  any 
kind  of  injury  is  very  striking,  it  must  be  observed  that  in  regard 
to  excitability  they  resemble  the  less  excitable,  sluggish,  smooth 
muscles  rather  than  the  quickly-reacting  striated  muscles.  We 
shall  see  later  how  much  tlie  excitation  of  the  more  sluggish 
excitable  tissues  dépends  upon  duration  of  stimulus,  the  most 
striking  proof  of  which  is  perhaps  the  fact  that  the  saine  induc- 
tion shock  which  inevitably  produces  a twitch  of  the  striated 
muscle  when  applied  to  its  nerve,  evokes  no  perceptible  con- 
traction of  smootli  muscles  when  sent  into  their  nerve-fibres,  and 
is  as  little  able  to  excite  a reflex  twitch  from  tlie  former.  As 
regards  the  first,  Langendorff  (60)  lias  shown  that  on  exciting 
the  cervical  sympathetic  with  single  induction  shocks  there  is  no 
perceptible  change  in  the  width  of  the  pupil,  whereas  repeated 
shocks  liecoine  effective  by  “ summation.”  With  increasing 
strength,  however,  Muhlert  (61)  was  frequently  able,  even  with 
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single  sliocks,  to  perceive  a marked  dilatation  of  tlie  pnpil,  and 
Piotrowsky  (62)  also  found  tins  kind  of  excitation  effective  as 
reoards  constriction  of  the  vessels  of  tlie  ear.  Still,  tlie  action 
I of  single  sliocks  is  extreinely  small,  while  tetanising  excitation  in 
botli  cases  produces  marked  effects. 

If  the  stimnlation-freqnency  is  altered,  witli  constant  strength 
I of  current,  it  is  easy  to  show  that  the  excitatory  action  (dilatation 

I of  pnpil)  is  anguiented,  within  a wide  range,  with  increasing 

1 frequency.  At  an  excitation  iuterval  of  about  two  seconds  Muhlert 

; conld  not  fiud  any  siimmation  of  stimulation  - frequency,  at  a 

I strength  of  8 5 ‘19  E,  with  even  sixty-two  consecutive  stimuli. 

I Wliere  uumber  and  iuterval  of  stimuli  are  so  arrauged  that  an 

effect  may  be  anticipated,  the  influence  of  strength  of  current  may 
easily  be  determiued,  in  the  sense  that  mydriasis  first  begins  above 
a certain  range,  and  then  with  growing  intensity  rises  to  its 
maximum,  at  first  rapidly,  and  afterwards  more  slowly.  In  this 
i case  the  smooth  muscle-fibres  in  which  the  summation  occurs 
give  a precisely  similar  reaction  to  that  of  the  reflex  centres  of 
the  spinal  cord  with  excitation  of  the  centripetal  nerves.  The 
more  sluqqish  of  the  striated  muscles  seem  to  give  a similar 
response.  Thus  Piotrowsky  (56),  on  exciting  the  claw-nerves  of 
the  crayfish  with  single  and  intrinsically  ineffective  induction 
shocks,  sent  in  at  au  interval  of  half  a second,  observed  a weak 
contraction  after  every  seven  stimuli. 

The  striking  insusceptibility  of  centripetal  (sensory)  nerves, 
or  more  correctly  of  their  central  end-organs,  to  single  induction 
shocks  lias  long  been  known. 

Munk  (63)  poiuted  ont  that  no  reflex  twitches  were  elicited 
from  the  frog  by  single  induction  shocks,  impinging  on  a sensory 
nerve,  unless  it  had  previously  been  weakly  strychninised. 

Setschenow  (64)  also  showed  that  induction  currents  with 
the  vibrating  hammer  that  were  quite  perceptible  to  the  tongue 
I discharged  no  reflex  from  the  central  end  of  the  sciatic.  In 

I determining  the  upper  limit  of  current  intensity  at  which  the 

( animal  remained  undisturbed  by  single  shocks,  and  the  lowest 

( intensity  at  which  it  was  first  excited  with  the  vibrating  hammer,, 

( he  invariably  found  a great  différence  between  the  two,  “ because 

i the  sensory  nerves  (especially  the  central  apparatus  of  transmission), 

i which  are  so  unsusceptible  to  single  induction  sliocks,  exhibit 

i alniost  the  saine  activity  to  a succession  of  shocks  as  the  iiiotur 
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iierves  (or  striatecl  muscle).”  The  same  fact  appears  also  in  the 
slender  cutaneous  (sensory)  nerves  of  the  frog’s  back,  as  shown  by 
Fick  (65).  “ When,  instead  of  giving  single  shocks,  the  spring  of 

the  induction  apparatus  is  set  vibrating,  no  such  enormous  strength 
of  current  is  required  to  evoke  (reflex)  muscular  contractions.” 
The  same  phenomena  of  summation  hâve  recently  been  investi- 
gated  by  A.  Ward  (66),  who  found  in  the  brainless  frog  that  the 
application  of  electrical  stimuli,  as  nearly  as  possible  uniform  in 
quality  and  intensity,  but  not  capable  intrinsically  of  producing  a 
reflex  twitch,  did  after  a certain  number  of  stimuli  evoke  the  same, 
if  the  excitation  was  repeated  at  inter  vais  of  about  0'5  sec.  The 
required  stimulation-frequency  was  about  the  same  on  raising  the 
interval  to  0'4  sec. 

These,  like  ail  similar  phenomena,  can  obviously  be  explained 
only  on  the  presumption  that  a stimulus  that  is  in  itself  in- 
effective produces  a certain  alteration  in  the  nerve-cell  (as  in 
other  cases  in  muscle,  gland-cells,  etc.),  which  is  favourable  to  the 
production  of  an  effective  excitation,  or  rather  is  itself  a weak 
excitation,  and  summates  along  with  similar  changes  from 
succeeding  stimuli,  until  an  effective  discharge  is  produced. 
Within  the  limits  cited  by  Ward  the  time-interval  is  immaterial, 
as  appears  from  the  fact  that  the  alteration  caused  by  excitation 
is  perceptibly  of  the  same  magnitude  after  0‘4  sec.  In  principle, 
these  central  summations  are  in  no  way  dissimilar  from  those 
induced  under  certain  conditions  in  the  peripheral  organs,  and  the 
nerve-cells  only  differ  in  degree  from  muscle,  gland-cells,  etc. 

The  same  is  sometimes  expressed  in  a striking  after-effect  of 
tétanisation.  After  prolonged  tétanisation  of  the  divided  spinal 
cord  in  the  frog  (near  the  cross-section),  the  same  (descending) 
opening  current  that  was  formerly  quite  ineffective  is  often  found 
to  produce  vigorous  twitches,  and  tins  effect  only  dies  ont  slowly 
after  an  interval  of  several  seconds  (Fig.  170).  Tins  phenouienon 
apparently  stands  in  close  relation  with  that  termed  by  Exner 
“ canalisation  ” (“  Bahming  ”),  as  opposed  to  “ inhibition,”  in  the 
antagonistic  action  of  excitation  within  the  central  nervous  System. 
If — as  can  hardly  be  doiibted — we  are  here  dealing  essentially 
with  alterations  of  excitability  in  the  conductiug  éléments  of  the 
gray  matter  of  the  lumbar  région,  an  effect  analogous  to  that  of 
canalisation  might  also  be  expected  in  cases  where  the  modifying 
and  testing  stimuli  act  in  succession  upon  the  two  opposite  pôles 
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of  the  reriex  centre,  so  that  iu  the  oiie  case  tlie  direct  excitability 
of  tlie  motor  fibres  of  the  spinal  cord  appears  to  be  heightened, 
in  conséquence  of  a previous  excitation  of  the  central  end  of  the 
sciatic,  -udiile  in  the  otlier  the  reflex  functions  of  the  lumbar 
enlargeinent  are  favoured  by  previous  tétanisation  of  the  spinal 
cord.  And  it  lias,  in  fact,  been  found  that  single  descending 
induction  currents,  which,  when  applied  directly  to  a fresh  section 
on  the  ventral  surface  of  the  frog’s  spinal  cord,  are  i^er  se 
ineffective,  do  produce  nmrked  excitatory  effects  after  a ]Dro- 
longed  reflex  tetanus  has  been  induced  by  excitation  of  the  central 
end  of  the  sciatic.  Conversely,  reflex  stimuli  that  were  formerly 


Fig.  170. — n,  6,  Incomplète  tetanus  of  frog’s  gastrocnemius  on  excitation  of  the  cord  (divided  above) 
with  a rapid  succession  of  induction  shocks.  Single  and  previously  ineffective  opening  shocks 
then  excite  strongly,  if  led  in  at  the  part  of  the  cord  that  has  just  been  tetanised,  by  the 
same  électrodes. 

ineffective  can  be  made  to  act  by  protracted  and  immediately 
antécédent  tétanisation  (Biedermann,  37). 


V.  Changes  produced  in  Nerve  by  Activity 

ISTo  less  difficult  than  the  establishment  of  the  spécifie 
excitability  of  the  nerve  is  the  question  whether  (as  seeins  a priori 
the  more  probable)  the  course  of  the  excitatory  process  in  tlie  nerve 
is  associatccl  with  metabolism,  and  in  loliat  derjree.  Two  methods 
are  here  conceivable.  It  might  be  possible  to  denionstrate  altera- 
tions in  the  Chemical  composition  of  the  nervous  substance  either 
directly  by  means  of  prolonged  excitation,  or  indirectly  by 
investigating  the  laws  of  fatigue,  and  recovery,  in  the  nerve.  As- 
regards  the  first  question,  it  is  even  liarder  to  décidé  tins  point  in 
nerve  than  in  muscle,  owing  partly  to  its  smaller  bulk,  and  partly 
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to  tlie  structure  of  the  nerve- fibres.  ïhe  sole  functioiial, 
Chemical  alteration  of  nerve  whicli,  if  not  unclisputed,  is  still 
inaintained  on  experimental  grounds,  is  its  réaction.  Immediately 
after  du  Bois-lieymond  had  establislied  the  functional  alteration 
of  the  reaction  in  muscle,  Fuiike  (G 7)  made  a corresponding 
statement  for  medullated  nerve,  finding  the  cross-section  both  of 
peripheral  nerve-trunks  and  of  the  more  easily  tested  spinal  cord 
of  the  curarised  rabbit  and  frog  to  be  neutral,  while  at  a certain 
time  after  death,  or  in  strychnin  poisoning,  they  gave  an  acid 
reaction.  Both  assertions  were  disputed  by  Heidenliain  (67),  and 
confirmed  by  Eanke  (67).  According  to  Gescheidlen  and  Edinger 
(67),  the  gray  matter  of  cord  and  brain  is  acid  even  in  the  fresh 
State,  the  white  matter  being  neutral  ; Moleschott  and  Battistini 
invariably  find  the  former  more  strongly  acid  than  the  latter,  both 
during  rest  and  during  strong  excitation.  In  direct  contradiction 
of  this,  Langendorff  (67)  affirms  that  the  central  nervous  System 
of  the  frog  as  a whole  gives  an  alkaline  reaction,  and  that  the 
same  is  true  of  the  living  cérébral  cortex  of  the  rabbit  or  guinea- 
pig.  Both  in  asphyxia  and  in  anæmia,  however,  the  reaction 
quickly  becomes  acid.  The  obvions  contrarie ty  of  these  statements 
is  in  large  measure  owing  to  the  fact  that  the  chief  subject  of 
experiment  bas  been  the  excessively  unstable  ganglionic  substance 
of  the  nerve-centres,  the  reaction  of  which  alters  with  extreme 
rapidity.  Pflüger,  in  fact,  after  even  the  most  rapid  washing-out 
of  the  brain  with  ice-cold  physiological  saline,  observed  an 
immédiate  ijost-mortem  acidity  of  the  gray  matter.  In  view  of  the 
complété  similarity  of  vital  conditions  in  nerve-cells  and  fibres,  it 
can  hardly  be  found  surprising  that  the  metabolism  of  these  two 
most  essential  structural  éléments  of  the  nervous  System  should 
differ  completely.  In  no  case  can  the  conclusions  as  to  ganglionic 
parts  be  taken  to  gauge  the  reaction  of  ncrve-fihrcs.  Moreover, 
it  is  hardly  to  the  purpose  to  take  (as  lias  usually  been  the  case) 
a medullated  nerve  as  the  test  of  a final  reactionary  alteration, 
since  only  tlie  substance  of  the  axis-cyliuder  in  these  fibres  can 
be  counted  'as  the  essential  physiological  constituent.  It  is  qnite 
possible  that  the  medullary  sheath  (which  bears  little  direct  part 
in  the  excitatory  and  conducting  processes)  may  mask  a real 
alteration  of  reaction  at  the  cross-section. 

As  little  as  cliemical  alterations  of  the  nerve-fibre  hâve  been 
establislied  during,  and  in  conséquence  of,  excitation,  eau  the  ther- 


VIII 


COXDUCTIVITY  AXD  KXCITAHILITV  OF  XERVE 


111 


mal  pi'ocesses  be  taken  as  proven.  Neitlier  Heiclenhaiu  iior  Helin- 
holtz,  in  spite  of  tlie  great  clelicacy  of  tlieir  metliods,  was  able  to 
determiue  a reaction  in  peripheral  nerve-trnnks  analogous  to  tbat 
of  muscle;  Schift'  (69),  however,  recorded  positive  resnlts.  Here 
again  it  is  necessaiy  to  distingnisb  betweeii  tlie  ganglionic 
substance  of  the  central  organs  and  the  nerve-fibres  proper,  and 
différences  of  thermal  reaction  mnst  be  expected  in  correspondence 
with  the  establislied  différences  of  cliemical  reaction. 

In  view  of  tlie  total  lack  of  facts  as  to  metabolism  in  the  nerve- 
fibres,  we  are  tbrown  back  npon  probabilities.  The  functional 
metabolism  mnst  nnder  ail  circnmstances  (save  in  the  gray  matter 
of  the  centres)  be  very  insignificant,  as  is  proved  inter  aliii  by  the 
poor  snpply  of  blood,  as  well  as  by  tlie  extraordinary  tenacity  of  life, 
at  least  in  medullated  nerve-fibres.  The  saine  conclusion  appears 
from  the  investigations  into  fatigue  and  recovery  of  nerve.  The 
main  difficulty  here  lies  in  the  comparatively  great  fatignability 
of  the  terminal  organs  (muscles,  ganglion-cells)  in  which  alone  the 
capacity  of  reaction,  or  alteration,  can  be  demonstrated.  The 
existence  of  fatigue  in  nerve  was  for  a long  time  assuined  on  qnite 
insufficient  analogies,  since  experiments  on  fatigue  of  brain,  retina, 
etc.,  prove  notliing  as  to  the  reaction  in  nerve-fibres.  Bernstein 
(70)  was  the  first  who  endeavoured  to  demonstrate  fatigue  of  the 
jiersistently  excited  nerve  in  a uerve-muscle  préparation. 

In  stndying  the  effect  of  long-continued  excitation  of  any 
point  of  the  nerve  npon  its  excitability,  it  is  evidently  essential 
to  block  off  the  stimulus,  duriug  the  greater  part  of  the  excitation, 
from  the  terminal  organ  (muscle).  Bernstein  succeeded  in  doing 
this  by  sending  a constant  current  throngh  a part  of  the  nerve 
between  the  point  of  excitation  and  the  muscle.  As  we  shall 
see,  conductivity  may  be  locally  abolished  without  snffering 
permanent  injury.  From  the  reaction  of  the  muscle  after 
opening  the  insulating  current,  Bernstein  formed  conclusions  as 
to  the  State  of  the  muscle  excited  by  the  induction  current.  If 
the  muscle  no  longer  reacted  to  the  constant  stimulus  at  the  free 
end  of  the  nerve,  Bernstein  assumed  a local  fatigue,  and  computed 
its  appearance  at  5—15  min.  Wedenski  tried  to  obviate  the 
injurions  effect  of  the  long  closnre  of  the  battery  current  by  send- 
ing in  a strong  ascending  or  descending  constant  current  at  the 
outset  for  a short  time,  so  that  the  tract  of  nerve  involved  becanie 
incapable  of  conducting  (70).  Very  weak  currents  tlien  sufficed 


112 


ELEÜTRO-PHYSIOLOOV 


CHAP, 


to  keep  up  this  state.  On  breaking  tlie  current,  the  nerve  almost 
iminediately  recovered  its  condnctibility.  Under  these  conditions 
Wedenski  was  nnable  to  detect  any  fatigue  in  nerve  at  the  point 
of  stimulation,  even  after  six  liours’  excitation.  Mascliek  (7 0), 
wlio  confinned  the  experiments  of  Wedenski,  succeeded  in  pro- 
longing  the  experiment  for  twelve  hours,  without  any  perceptible 
fatigue  of  the  point  of  stimulation.  Mascliek  furtber  sliowed  by 
means  of  local  ether-narcosis,  wliich  of  course  implies  rapid 
recovery,  tbat  an  excitation  lasting  many  hours  produces  no 
visible  fatigue  at  the  point  excited.  Bowditch  (70)  arrived  at 
the  saine  conclusion  in  warm-blooded  animais  (cats)  by  means  of 
curare,  the  effects  of  which  are  soon  dissipated  (c/.  also  Szana,  70). 
“ When  the  action  of  curare  lias  quite  worn  off  after  persisting 
three  to  four  hours,  the  induction  current,  which  lias  been  passed 
uninterruptedly  through  the  peripheral  end  of  the  muscle  during 
the  action  of  the  poison,  résumés  its  full  effect.” 

The  fact  that  nerve  may  be  excited  for  many  hours  without 
perceptible  fatigue  suggests,  as  remarked  by  Bowditch,  the  idea 
that  excitation  may  be  transmitted  untliout  consumption  of  mcderial. 
In  view  of  certain  facts  to  be  considered  later,  it  is,  however, 
more  accurate  to  say  that  a certain  expenditure  of  nervous 
energy  is  consumed  (even  if  it  cannot  be  measured  experi- 
mentally)  in  the  mere  propagation  of  the  excitation. 
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CHAPTER  IX 


ELECTRICAL  EXCITATION  OF  NERVE 

I.  Law  OF  Excitation  by  Electrical  Currents 
(du  Bois-Eeymond) 

The  electrical  current  again  ranks  first  among  ail  the  artificial 
means  of  nerve-excitation.  A succession  of  experiments  in  this 
direction  dates  from  very  early  days,  and  forras  one  of  tlie  most 
interesting  chapters  in  physiology. 

Du  Bois-Eeymond  (1)  has  given  an  admirable  historical 
survey  of  this  part  of  the  siibject.  At  its  outset  we  encounter 
the  fact  that  a motor  nervc — Uke  the  corresiJoncling  striatcd  muscle, 
hîU  in  a still  higlicr  degree — is  ajyparently  eoxited  only  at  the 
moment  of  closing,  or  opening,  a hattery  current.  In  fact,  du  Bois’ 
“ general  law  of  electrical  excitation  of  nerve  ” was  at  first  laid 
down  for  indirect  excitation  of  the  muscle,  and  was  only  extended 
at  a later  period  to  direct  muscular  stimulation.  The  law  in 
its  original  form  ran  as  follows  : — 

“ It  is  not  the  absolute  value  of  current-density  in  the  nerve, 
at  any  given  moment,  that  détermines  the  response  of  the  muscle, 
but  the  variations  of  this  value  from  moment  to  moment  : the 
stimulus  to  movement  conséquent  on  these  changes  being  the 
more  considérable  according  as  they  are  (in  a given  interval) 
greater  in  magnitude,  or  more  rapid  in  their  oiiset.” 

If  a motor  nerve,  still  attached  to  the  muscle,  is  laid  across 
unpolarisable  électrodes,  and  excited  by  the  closure  or  opening  of 
a sufficiently  strong  battery  current,  a single  rapid  twitch  of  the 
muscle  appears  at  make  and  often  at  break  also,  after  which  it 
returns  to  the  normal  resting  position.  The  most  careful  observa- 
tion fails  to  detect  any  permanent  shortening  during  closure,  or 
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wheu  tlie  current  is  opened.  The  directiy  excited  nmscle  of 
course  gives  u different  reaction,  inasniuch  as  it  reniains  shortened, 
under  certain  conditions,  during  the  passage  of  the  current,  and 
even  for  sonie  tinie  after  it  lias  heen  opened,  tliougli  the  contrac- 
tion may  he  only  local  (persistent  closing,  or  opening  contraction). 
A visible  persistent  effect  of  current  luay  also  (infra)  appear  with 
indirect  excitation  of  the  muscle,  both  during  closure  and  after 
opening  the  current.  Tins  is  expressed  in  a more  or  less  prolonged 
contraction  of  the  muscle  excited  through  the  nerve,  which  may 
be  continuous,  or  iuterrupted  by  single  twitches,  and  which,  from 
its  resemblance  to  the  tétanie  forni  of  contraction  due  to  inter- 
rupted  l'hythmical  excitation,  is  known  as  closure,  or  opening,  tetanus. 

Pdtter  (ITOS)  was  the  first  to  point  ont  that  an  indirectly 
excited  muscle  may,  after  prolonged  closure  of  a powerful  battery- 
current,  fall,  on  breaking  the  circuit,  into  a State  of  persistent 
tétanie  excitation — a manifestation  named,  after  its  discoverer, 
Pdtter  s opening  tetanus.  With  this  we  shall  hâve  to  deal  later  ; 
for  the  moment  it  is  sufficient  to  point  ont  that  nerve,  like 
muscle,  may,  when  a constant  current  is  opened,  fall  into  a pro- 
tracted  State  of  excitation,  so  that  the  opening  tetanus  and  the 
persistent  opening  contraction  are  practically  équivalent  pheno- 
mena.  A similar  persistent  excitation  (as  first  remarked  by 
Pflüger,  2)  appears  sometimes  during  closure  of  the  current, 
and  may  be  perfectly  regular.  Pflüger  obtained  this  “ tétanie  ” 
effect  with  quite  weak  currents  ; it  increased  up  to  a certain  point 
with  increasing  intensity  of  stimulation,  and  then  declined  again. 
Under  the  most  favourable  conditions,  i.e.  with  maximal  excit- 
ability  of  nerve,  closure  tetanus  makes  its  appearance  at  any 
effective  strength  of  current.  This  is  more  especially  the  case 
with  frogs  kept  in  a low  température  for  some  time  before  niaking 
the  préparation  (“  cooled  frogs  ”). 

The  excessive  excitability  of  such  préparations  is  a well-known 
physiological  fact,  and  we  shall  frequently  hâve  to  refer  to  it.  It 
may  be  said,  as  a general  rule,  that  the  nerves  of  ail  frogs  kept 
at  a température  below  10°  C.  will  sooner  or  later  acquire  the 
property  of  being  tetanically  excited  by  constant  currents  (v. 
Frey,  3,  Fig.  17 1). 

Similar  excitability  is  exhibited  by  nerves  at  a high  température 
(Engelmann,  4),  provided  they  are  in  a certain  stage  of  déhydration 
(from  évaporation,  or  treatment  with  NaCl).  In  both  cases  there 
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is  sooner  or  later  a spontaneous  excitation  of  the  nerve-fibres,  as 
sliown  first  in  twitclies  of  the  fibrils  and  then  in  tétanie  con- 
traction of  the  entire  muscle  (dcsiccation-  and  salt-tetamis).  If 
the  excitahility  of  sucli  a nerve  is  tested  from  time  to  time  with 
a current  of  uniform  strength,  it  is  foiind  to  increase,  iintil,  just 
hefore  the  commencement  of  desiccatory  spasm,  each  closure,  or 
opening,  discharges  powerful  but  irregular  tetani.  The  closure- 
tetanus  of  “ cooled  ” nerves,  on  the  contrary,  is  usually  quiet  and 
regular,  the  curve  showing  no  marked  divergence  from  the 
tetanus-curve  of  intermittent  excitation.  The  conjecture  that 
closing  and  opening  tetani  are  due  to  abnormal  activity  in  the 
nerve,  is  completely  contradicted  hy  the  fact  that  the  motor 


Fig.  171. — Tetaiius  curve  of  gastrocneinius  ou  closure  of  a battery  current  (closure  tetaiius). 

Préparation  from  a cooled  frog.  (Von  Frey.) 

nerves  of  other  animais  invariahly  react  hy  tetanus,  under  ail  cir- 
cumstances.  This  applies,  according  to  Eckhardt’s  observations 
(5),  especially  to  nerves  of  warm-blooded  animais,  when  excited 
with  descending  currents  of  average  strength,  as  well  as  to  the 
non-medullated  motor  nerves  of  many  invertebrates  (claw  nerve 
of  crayfish,  etc.,  Biedermann).  In  hoth  cases  closure-tetanus  is 
the  rule  and  not  the  exception,  and  thus  du  Bois’  “universal 
law  ” lias  as  little  application  to  indirect  as  to  direct  excitation  of 
the  muscle.  We  must  rather  hold  that,  although  the  visible 
effects  of  the  traiismitted  excitation  are  fundamentally  due  to 
variations  of  density  in  the  current  flowing  through  the  nerve, 
the  excitatory  process  is  locally  initiated  fhroui/hont  ifs  entire 
'passage,  and  that  otlier  circuinstances  détermine  whether  tliis 
continuons  excitation  is  expre.ssed  at  the  peripheral  organ  (muscle) 
ur  no.  The  same  applies  to  the  state  of  activity  at  break  of  the 
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curreiit.  “ Eitter’s  tetanus  ” is  a direct  proot  of  its  persistence 
under  certain  conditions. 

The  similarity  of  effect  in  closing  or  opening  tetanus,  and  in 
the  true  tetanus  produced  by  discontinuous  excitation,  raises  the 
question  whether  liere  too.  there  inay  not  be  fusion  of  single, 
rapidly  succeeding  impacts  of  stimulation.  In  other  words,  does 
the  steady  constant  stimulus  during  closure,  or  after  opening, 
produce  under  the  above  conditions  a discontinuous  rhythmical 
excitation  of  the  nerve  ; is  the  tetanus  of  closure  and  opening  a 
genuinc  tetanus  or  not  ? W e are  familiar  with  the  same  difficulty 
{supra)  in  the  previous  question  of  whether  the  tétanie  contraction 
of  the  muscle  stimulated  directly,  or  from  its  nerve,  is  really  an 
unbroken  process,  or  whether  discontinuous  invisible  changes  are 
masked  by  the  apparent  continuity.  Ocular  evidence  is  here 
inconclusive.  We  niay  indeed  reason  with  apparent  probability 
from  the  fact  that  every  conceivable  transition  exists  between 
irregular  tetani  broken  by  single  twitches  (clonie)  and  a perfectly 
steady  (smooth)  tetanus,  and  that  these  transitions  must  obviously 
consist  of  so  many  more  single  twitches  in  the  time-unit,  in  pro- 
portion as  they  approximate  to  uninterrupted  tetanus,  that  the 
latter,  too,  consista  of  fused  twitches  : and  the  trembling  which 
concludes  a long  voluntary  tetanus  may  equally  be  cited  as 
evidence  of  its  discontinuity.  This,  however,  is  insufficient  proof. 

In  addition  to  the  form  of  the  muscle-curve,  the  musde-soicnd 
and  the  electrical  reaction  of  active  muscle  throw  some  light  on 
the  nature  of  a persistent  contraction.  As  regards  the  first,  the 
investigation  of  such  a minute  mass  as  a frog’s  muscle  is  obviously 
very  difficult  (the  experiment  lias  not  yet  been  tried  for  warm- 
blooded  muscle).  And  there  lias  in  fact  been  no  resuit  from  the 
various  attempts  at  transmitting  to  the  plate  of  a microphone, 
or  (according  to  Helmholtz’s  inethod)  to  coiisouaut  reeds,  the 
vibrations  during  the  period  in  which  a frog’s  muscle  is  in 
closure-tetanus. 

On  the  other  hand,  experiments  with  the  capillary  electro- 
nieter  upon  the  electrical  reaction  of  muscle  hâve  yielded  more 
definite  conclusions  (v.  Frey,  3),  showiiig  that  closure-tetauus  is 
in  fact  derived  from  a succession  of  discontinuous  rhytlnnical 
impacts  (10-15  per  sec.)  ; ergo  nerve  like  muscle  is  thrown,  during 
certain  conditions,  iuto  persistent  rhythmical  excitation  under  the 
action  of  carrent  flowiug  at  constant  density.  (The  inade(piacy 
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of  closure  and  opening  tetanus  to  throw  a second  nerve-muscle 
préparation  into  secondary  tetanus,  as  disciissed  in  vol.  i.,  lias 
obviously  no  application  as  a connter-argument).  Inasmuch  as 
cardiac  muscle  and  tlie  ureter  exhibit  a siniilar  reaction,  this 
would  seem  to  be  a general  law,  applicable  to  ail  excitable 
substanees.  The  time- distribution,  i.e.  succession  of  single 
excitatory  impulses,  differs  of  course  in  different  cases,  and 
exbibits  a regular  gradation.  As  a rule,  therefore,  and  contrary 
to  du  Bois-Eeymond’s  “ universal  law  of  excitation,”  it  must  be 
affirmed  that  the  ' electrical  current  flowing  at  constant  density 
gives  lise  (locally,  at  least)  to  continuons  excitation,  and  the 
problem  is  rather  wby  sucb  excitation  is  not  invariably  trans- 
mitted  ; or,  if  transmitted,  is  not  uninterruptedly  expressed  at 
the  peripheral  organ.  The  nature  of  the  terminal  organs  is  here 
undoubtedly  of  the  first  importance,  as  appears  plainly  from  the 
afferent  nerves. 

The  earlier  electricians  knew  that  centripetal  impulses  excited 
by  the  action  of  a constant  current  produce,  in  addition  to  a 
sharp  make  and  break  twinge,  constant  sensations,  which  may 
become  insupportable  with  sufficient  strength  of  current.  It  is 
true  that  the  peripheral,  sensible  end-organs  are  nearly  always 
coexcited,  while  there  hâve  only  been  solitary  experiments  upon 
the  continuons  excitation  of  sensory  nerve-trunks  by  the  direct 
action  of  the  constant  current.  The  fact  (already  known  to  Volta) 
of  an  excentric  irradiation  of  pain  so  long  as  the  électrodes  are 
applied  below  the  joint  of  the  elbow,  cornes  under  this  category. 
Grützner  (6)  further  showed  that  both  ascending  and  descending 
currents  were  effective  throughout  their  passage,  when  the  central 
end  of  the  dog’s  sciatic  was  excited  after  préviens  curarisation, 
and  division  of  the  vagus  on  one  side.  A considérable  rise  of 
blood-pressure  occurred  at  and  during  closure,  with  a simultaneous 
accélération  of  puise,  which  chauged  after  opening  the  circuit,  or 
at  the  end  of  excitation,  into  its  contrary,  i.e.  slowiug  down  of 
the  puise.  Grützner  found  the  same  results  on  stiniulating  the 
central  end  of  the  vagus,  with  additional  respiratory  modifications, 
consisting  in  arrest  of  the  diaphragm  in  expiration,  or  retarded 
respiration  with  expiratory  pauses.  The  same  observations  bave 
recently  been  confirmed  and  extended  by  Langendorff  and  E. 
Oldag  (7).  By  gradually  shunting  the  current  into  the  nerve, 
they  were  enabled  to  observe  its  continuons  action,  and  obtained. 
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with  asceudiug  direction,  an  expiratory  slovving,  or  arrest,  of 
respiration, — althougli  a frog’s  leg  included  in  tlie  circuit  was 
iiot  once  niade  to  coiitract  (Fig.  172). 

The  persistent  excitation  of  secrctory  nerves  by  tbe  constant 
current  bas  been  established  on  the  frog’s  tongue,  by  tlie  cbanges 


Fig.  172.— Respiratory  curves  (rabbit).  Graduai  sbunting  of  asceiuling  current  into  vagus.  1 Dan. 
(S)  Closure,  (Oc)  opening  of  current.  The  rheochord  slider  was  shifted  from  a to  h.  (Langendorft’ 
and  Oldag.) 


of  tlie  mucosa  current  during  excitation  of  the  glosso-pharyngeal 
(Biederinann,  8).  In  the  cardiac  vagus  Grützner  conürins  the 
earlier  conclusions  of  v.  Bezold  ( Tinter  s.  ûber  die  Innerv.  des 
Herzens,  Leipzig,  1863,  p.  72),  since  with  a current  of  twelve 
pincus-cells  the  make  and  break  only  are  effective,  as  shown  by 
the  following  curve  (Fig.  l73). 

Another  proof  that  current  excites  not  merely  at  the  moment 
when  it  begins  (or  ceases),  or  during  variations  of  density,  but 
throughout  its  entire  passage,  is  seen  in  the  fact  that  at  a given 
iiuiform  strength  of  cur- 
rent a closure  twitch  only 
appears  when  the  duration 
of  current  lias  outlasted 
a certain  time  (A.  Fick). 

This  fact  is  already  farniliar  to  us  in  muscle — more  particularly 
when  non-striated — where  it  is  easily  determined.  Its  proof  is 
more  difficult  in  nerve,  because  the  time  - values  involved  are 
exceedingly  small.  While,  e.g.,  in  smooth  molluscan  adductor- 
muscle  the  maximum  effect  of  a given  strength  of  current  is  not 
reaclied  even  with  a duration  of  ^ sec.,  the  saine,  according 
to  Kdnig  (10),  is  obtained  in  excitation  of  the  nerve  after 
0'017-0'018  sec.  Under  ail  conditions,  tberefore,  we  must 
allow  for  the  fact  that  very  lirief  closures  of  current  produce  no 
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muscular  twitcli  duriiig  their  action  upoii  inedullated,  inotor 
iierves.  Witli  increased  duration  of  current  beyond  a certain 
point  the  twitches  increase  also,  and  reacli  their  maximum  with  a 
relatively  short  closure,  after  which  they  cannot  he  augmented  by 
any  further  prolongation  of  current  or  increase  of  intensity  (pro- 
vided  an  adéquate  strength  of  current  is  employed  at  the  outset). 

If  we  compare  the  susceptibility  of  different  excitable  sub- 
stances to  currents  of  brief  duration,  it  will  be  found  lowest  in  the 
non-fibrillated  plasma  of  protozoa  and  in  smooth  muscle-fibrils, 
bighest  in  inedullated  nerve-fibres  ; midway  are  cardiac  muscle 
and  striated  skeletal  muscle.  This  is  well  shown  in  experiments 
with  single  induction  shocks,  the  effect  of  which  agréés  in  the 
main  with  that  of  excessively  brief  constant  currents.  The 
medullated  nerve  of  striated  vertebrate  muscle  is  peculiarly 
sensitive  to  this  method  of  stimulation,  the  latter  itself  less  so 
(especially  when  curarised),  and  smooth  muscle  still  less,  where  in 
order  to  excite  by  single  induction  shocks  an  enormous  intensity 
is  often  required.  It  is  reniarkable  that  the  saine  graduated 
différence  appears  to  exist  between  inedullated  and  non-medullated 
nerve-fibres  in  regard  to  their  susceptibility  to  single,  brief  currents 
(more  particularly  to  induced  currents),  as  between  striated  and 
smooth  muscle.  It  is  far  less  easy  to  elicit  twitches  from  the 
claw-nerves  of  the  crayfish  with  single  induction  shocks  than 
with  the  constant  current. 

We  must  now  consider  the  second  postulate  in  du  Bois’ 
“ universal  law  of  excitation,”  by  which  he  affirms  that  a positive  or 
négative  variation  of  current  must  always  be  of  a certain  abruptuess 
in  order  to  excite,  and  that  (with  otherwise  uniform  conditions) 
the  excitation  appears  more  certainly,  and  within  a certain  range 
more  strongly,  in  proportion  as  the  variations  of  intensity  are 
more  sudden  in  their  onset. 

Whatever  application  this  may  hâve  to  medullated  nerves  in 
connection  with  twitching,  striated,  vertebrate  muscles,  it  is  by 
no  means  a universal  law,  appropriate  to  ail  excitable  tissues. 
Nothing  is  casier  than  to  show  in  the  usual  frog’s  nerve-niuscle 
préparation  (the  “ physiological  rheoscope  ”)  that  even  the  weakest 
electrical  currents  may  excite,  provided  they  are  adjusted 
sufticiently  sharply,  i.e.  that  the  intensity  of  variation  is  as  steep 
as  possible.  Tlie  peculiar  susceptibility  of  these  nerves  towards 
even  a trace  of  frictional  electricity  is  due  to  the  presence  of 
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curreiits  of  exceedingiy  rapid  oiiset,  and  iiiduced  curreiits  hâve  a 
powevfiil  excitatory  action,  even  at  low  intensity,  froin  the  same 
reason.  This  tendency  of  the  ordinary  nerve-ninscle  préparation 
to  react  to  the  weakest  cnrrents,  provided  they  are  adjusted  with 
sufficient  rapidity,  renders  it  a valuable  indication  of  the  presence 
of  weak  cnrrents  of  brief  duration  (action  cnrrents  in  the  muscle). 

An  interesting  fact  in  this  connection,  and  one  that  also 
dépends  mainly  upon  the  inÜnence  which  the  onset  of  any 
current  exerts  upon  its  excitatory  action,  is  the  nnequal  effect  of 
the  make  and  break  shock  from  an  induction  apparatus.  The 
excitatory  action  of  the  make  shock  is  with  ont  exception  much 
lower  than  that  of  the  break.  This  is  plainly  seen  when  the 
secondary  coil  is  a long  way  off  from  the  primary.  There  is 
always  a point  at  which  the  break  shock  is  effective,  when  the 
make  shock  fails  to  excite  ; on  approximating  the  coils,  the  latter 
also  takes  effect. 

Since,  as  is  easily  shown  on  the  galvanometer,  the  quantities 
of  electricity  in  the  make  and  in 
the  break  shock  are  equal,  the 
dissimilarity  of  physiological  effect 
must  be  fundamentally  due  to  the  /j 
différences  in  time-distribution  of 
the  two  induction  cnrrents,  cansed 
by  the  appearance  of  the  extra  cnr- 
rent  on  closure  of  the  primary  ^ 
circuit.  Since  the  primary  current 
in  the  last  case  does  not  at  once 
reach  its  full  strength,  but  increases 
gradually,  while  it  snddenly  dis- 
appears  on  opening  the  circuit, 
the  induced  current  must  rise  more 
abrnptly  at  break  than  at  make  of 
the  primary  circuit  (Fig.  174).  Accordingly,  the  break  shock 
gives  a sharp  “ crack  ” in  the  téléphoné,  the  make  shock,  on  the 
contrary,  yields  a dull,  weak  sonnd  (Grützner). 

This  inequality  of  physiological  action  in  tlie  make  and  break 
shocks,  as  due  to  inequality  of  time-distribution, is  very  inadeqnately 
compeusated  Ijy  the  contrivance  of  “ Hehnholtz’s  side  wire,”  which 
is  attached  to  most  induction  coils,  and  tliere  bave  been  later 
attempts  at  producing  induction  cnrrents  by  other  means,  better 


Fig.  174.— Schéma  of  induction  cnrrents. 
P],  Absoissa  of  primary  current  ; S, 
abscissa  of  secondary  current;  A, 
initial  ; E,  terminal  cnrrents.  1, 
Curve  of  rise  of  primary  current  (de- 
layetl  by  extra  current)  ; 3,  opening  of 
the  same  ; 2 and  4,  corresponding 
secondary  currents.  (Hermann,  Ilcnuih. 
ii.  1.) 
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suited  to  experimental  requirements.  Hering  (11)  made  the 
secondary  coil  rotate  round  a vertical  axis  in  front  of  tlie  primary, 
wliicli  was  traversed  by  a constant  current,  giviiig  rise  to  uniform 
induced  currents — since,  witli  tlie  coils  at  right  angles,  induction 
is  at  zéro,  and  witli  otlier  defiuite  inclinations  of  the  coils 
corresponding  definite  induction  currents  make  their  appearance. 

Grützner  (12)  subsequently  investigated  the  physiological 
action  of  currents  froni  a Stôhrer’s  machine,  in  which  two 
wire-coils  with  iron  axes  revolve  in  front  of  a povverful  horse- 
shoe  magnet.  Each  révolution  yields  four  currents,  correspond- 
ing as  two  pairs  in  respect  of  time-distribution.  If  S and  JSf 
(Fig.  175)  are  the  pôles  of  the  magnet,  and  I and  II  the  coils 


Fig.  170.  (After  Grützner.) 


rotating  round  the  axis  A,  then  when  they  hâve  shifted  ^ 
révolution  clockwise  from  this  position,  so  that  I is  opposite  N, 
the  first  current  rises  gmducdhj  from  0.  If  I is  then  nioved 
away  from  N,  the  falling  current  alters  instantaneously  in  the 
reverse  direction.  Eising  suddenly,  it  gradually  falls  to  zéro, 
and  then  rises  again  equally  gradually  to  its  former  height,  as 
tlie  coil  I travelling  throiigh  ail  three  quadrants  approaches  S,  the 
South  pôle.  This  is  succeeded  by  an  abrupt  rise  of  current  in  the 
reverse  direction,  so  that  (as  shown  by  the  accompanying  curves, 
Fig.  176)  two  gradually  and  two  abruptly  rising  currents  appear 
with  each  révolution.  This  can  be  elegantly  demonstrated  (after 
Grützner)  if  the  platinum-point  électrodes  are  drawn  at  uniform 
speed  over  paper  moistened  with  iodide  of  potassium  during  the 
révolution  of  the  apparatus.  The  resulting  electrolytic  curves 
appear  as  lines  which  are  correspondingly  thicker  at  the  apexes 
of  the  curves  than  in  the  rest  of  the  tracing.  The  gradually 
rising  currents  are  represented  by  lines,  sniall  at  first,  and  after- 
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wards  broader,  while  the  abmptly  risiiig  curreuts  give  the  reverse, 
the  décomposition  being  marked  at  first  and  subseqiiently 
diminislnng  (Fig.  177).  While  investigating  tliis  electrolyto- 
grapbic  inethod  Grutzner  also  found  that  the  steeply  rising  break 
induction  current  of  an  ordinary  du  Bois’  sliding  apparatus  had 
a far  more  marked  electrolytic  action  than  the  gradually  rising 
make  induction  current. 

In  the  frog’s  nerve-muscle  préparation,  with  low  intensity  of 
current,  abruptly  rising  currents  are  always  the  most  effective 
(now  one  and  now  the  other,  according  as  the  électrodes  are 
situated  on  the  nerve).  On  increasing  the  current,  a second 
smaller  twitch  appears,  corresponding  with  the  other  steeply  rising 


Fia.  177. 


(and  opposite)  current.  Furtlier  increase  of  current  intensity 
complicates  the  excitatory  effects  still  further,  since  with  an 
ascending  direction  of  current  the  anodic.  inhibition  becomes 
apparent.  In  rare  cases,  ail  four  induction  currents  may  excite, 
and  there  are  then  at  each  révolution  two  strong  and  two  weak 
twitches,  alternating  as  one  strong  and  one  weak  twitch.  The 
most  significant  resuit  of  Grützner’s  investigation  is  tlic  'pré- 
dominant action  of  the  ahriqythj  rising  currents,  where  the  direction 
is  again  of  importance,  inasmuch  as  (according  to  the  observations 
of  Hermann  and  Fleischl,  supra)  the  upper  portion  of  the  nerve 
is  first  excited  by  descending,  the  lower  portion  by  ascending 
currents,  while  they  both  take  effect  at  the  “ equator  ” only.  It 
is  with  much  higher  intensities  of  current  that  the  gradually 
rising  currents  also  become  effective. 

The  bénéficiai  infiuence  of  great  abruptiiess  of  oscillation  is 
shown  inter  alia  by  the  fact  that  even  very  strong  currents  may 
be  shunted  into  the  nerve  without  perceptible  signs  of  excitation, 
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provided  only  that  tlie  incrément  accrues  gradually  and  evenly. 
The  saine  thing  is,  as  we  hâve  said,  still  more  easily  established 
in  muscle. 

If  the  action  of  niake  and  break  induction  currents  is 
investigated  in  the  nerve-muscle  préparations  of  other  animais, 
very  different  results  are  arrived  at  (as  receutly  pointed  out  by 
Schott,  13),  showing  once  more  how  unjustifîable  it  is  to  lay  too 
much  stress  on  facts  derived  from  experiments  with  one  kind  of 
animal. 

In  the  nerve-muscle  préparation  of  toads  Schott  (13)  found 
the  steeper  break  induction  shocks  relatively  less  effective  than  in 


Fio.  178. — Toacl’s  gastrocnemius.  a,  Make  induction  twitcli  ; h,  break  induction  twitch. 

(J.  Schott.) 


the  frog  ; there  is  hardly  any  différence  in  the  distance  of  coil  at 
which  the  make  and  break  shocks  take  effect.  While  the  in- 
directly  excited  frog’s  muscle  always  describes  much  higher 
twitches  (of  medium  size)  if  break  shocks  are  employed,  tins  is 
not  the  case  with  tlie  toad,  and  the  make  shocks  may  even  be 
the  more  effective  (Fig.  178).  According  to  Grützner  (14),  single 
induction  shocks  of  different  time-distribution  can  also  be  produced 
as  follows.  A ring  of  sheet-iron  is  fastened  to  a brass  dise  in 
the  form  of  Fig.  179.  This  consists  of  two  parts,  Af  and  N,  of 
which  the  latter  (on  rotating  the  dise  to  the  right)  rises  gradually 
from  its  base  H upon  the  brass-plate  to  its  greatest  height,  while 
AI  is  eut  ofî  in  the  direction  of  the  radius  of  the  dise.  If  the 
ringed  iron  piece  AIN  is  then  rotated  between  the  pôles  of  a 
horse-shoe  magnet,  surrounded  with  wire-coils,  there  will  (on 
turning  the  di.se  to  the  right)  be  a constantly  increasing  part  of 
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the  iron  ring  froin  the  point  H between  the  pôles  of  the  inagnet, 
tlie  inagnetic  force  of  wbicli  is  correspomlingly  diininished. 
This  slow  décliné  in  the  magnetism  corresponds  to  a inagnetic 
induction  current  in  the  coil, 
which  rises  the  more  slowly  as 
the  iron  rins;  increases  more 
gradually  in  thickness,  and  as  the 
dise  is  tlie  more  slowly  rotated. 

Ou  the  other  side  the  part  M 
of  the  ring  induces,  under  similar 
conditions,  by  its  sharp  edge,  an 
almost  instaiitaneous  ascending 
current.  In  the  frog-preparation 
the  current  from  the  sharp  tooth 
(like  the  break  shock)  is  always 
more  effective  than  that  from  the 
obtuse  tooth,  while  this  is  reversed  in  the  toad,  where  the  slowly 
ascending  current  invariably  excites  more  effectually  than  the 
sharp  rise  (Fig.  180). 

It  is  a question  whether  this  is  due  merely  to  the  known 


Fio.  179. 
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Fio.  180.— Gastrocneiiiius  of  toad.  Tvvitclios  ou  e\xitatioii  witli  «,  obtuse  tooth  ; h,  sharp  tootli. 

sluggishness  of  toad-niuscle  as  conqiared  with  that  of  the  frog, 
or  whether  there  are  actual  différences  in  tlie  nerve-fibres  ini- 
plicated.  In  any  case  du  Bois-rteymond’s  dictum,  that  current 
excites  iiot  in  virtue  of  its  actual  density,  luit  fioin  the  rajiidity 
of  its  variations,  is  iiot  applicalde  to  ail  loconiotor  apparatus. 
The  rapidly  twitching  muscles  of  the  frog  correspond  with  the 


128 


ELECTRO-PHYSIOLOGV 


CHAP. 


law,  the  muscles  of  tlie  toad  do  not,  aud  it  applies  even  less  to 
the  more  sluggisli  contractile  tissues  (smooth  muscle,  many 
Protozoa,  etc.).  “ Since  in  these,  from  their  sluggishness,  a given 
pbysiological  State  is  more  than  usually  jirolonged,  they  are 
especially  adapted  for  stimuli  of  long  duration  and  graduai  onset.” 
To  boiTow  a comparison  from  Grützner  (14,  p.  384),  it  is  witb 
tbese  as  witb  tbe  movement  of  beavy  sluggisb  masses  impelled 
by  external  momentum.  “ If  \ve  sboot  a bullet  against  a large 
beavy  wooden  door,  turning  easily  on  its  binges,  tbe  bail  passes 
tbrougb,  witbout  pusbing  tbe  door  on  tbe  binge.  But  if  tbe 
saine  amount  of  energy  as  is  contained  in  tbe  moving  bullet  is 
directed  against  tbe  door  by  increasing  tbe  mass  of  tbe  bail  wbile 
its  velocity  is  diminisbed,  tben  sucb  a bail  will  readily  turn  tbe 
door  on  its  binges.  Tbus  an  induction  sbock  of  abrupt  onset 
injures  a sluggisb  (smootb)  muscle  witbout  causing  contraction, 
wbile  tbe  same  quantity  of  electricity  distributed  over  a longer 
period  may  excite  a vigorous  twitcb,  witbout  injury.”  Slow 
moving  stimuli  are  tbus,  according  to  Grützner,  tbe  adéquate 
incitation  for  slowly  developing  processes. 

Tbe  different  pbysiological  action  of  tbe  make  and  break 
induction  sbock  again  appears  to  rest,  not  solely  upon  différences 
of  time-distribution,  but  also  upon  the  still  obscure  dissimilarity 
of  electrolytic  effects.  Grützner  (14)  found  that  currents  of 
abrupt  onset,  including  break  induction  currents,  bave  a much 
stronger  electrolytic  action  than  those  which  commence  more 
gradually.  This  would  account  for  tbe  fact  that,  in  direct  excita- 
tion of  homogeneous  striated  or  even  smootb  muscle  {e.g.  the 
adductor  muscle  of  tbe  shell  of  Anodonta),  tbe  contraction  dis- 
charged  by  a break  sbock  is  usually  the  most  conspicuous,  i.e. 
makes  its  appearance  earlier. 

Tbese  facts  lead  us  to  anticipate  that  tbe  form  of  tbe  curve 
of  oscillation  of  an  electrical  current  is  not  witbout  effect  upon 
the  excitatory  action  ; and  the  first  essential  for  determining  tins 
point  is  that  we  should  be  able  at  will  to  niodify  and  vary  tbe 
nature  of  tbe  increase  of  intensity  (or  density)  in  a battery 
current.  The  problem  of  raising  a galvanic  current  in  a circuit 
from  zéro,  by  different  degrees,  to  a certain  final  value,  was  first 
attacked  by  v.  Fleiscbl  (15). 

He  succeeded  by  means  of  bis  “ ortliorheonome  ” in  producing 
incrément  and  décrément  of  tbe  exciting  current  at  any  uniform 
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desired  rate — withiii  a certain  range,  and  in  exact  proportion 
with  the  time-interval.  The  apparatus,  whicli  is  constructed  ou 
the  principle  of  Wheatstone’s  Bridge,  consists  essentially  of  a 
honiogeneons  circulai'  condnctor  (trongh  filled  with  Z11SO4  solution). 
The  cnrrent  is  led  in  at  a h,  the  opposite  ends  of  a diameter._  A 


C 


Fig.  181. — Schéma  of  v.  Fleischrs  orthorheonome.  (Ellenberger,  Physiologie,  ii.) 


métal  condnctor  tnrning  on  its  centre  runs  across  dianietrically 
(Fig.  181,  zz),  its  two  points  with  amalgainated  zinc  terminais 
dipping  into  the  trongh  R.  The  nerve  is  inclnded  in  the  circuit 
of  this  rotating  diameter  (between  c d).  As  often  as  it  is  in  the 
direction  of  the  entrance  points  of  the  cnrrent  AB,  a certain 
fraction  of  the  current  will  pass  throngh  it;  while  at  an  angle  of 
90°  (at  CD)  this  fraction  = 0.  The  cnrrent  throngh  the  nerve 
diminishes  regnlarly  with  the  magnitude  of  the  angle  (a),  provided 


the  résistance  of  the  circuit  is  otherwise  vanishing.  Von  Fleischl 
showed  that,  with  regnlar  rotation  of  the  rheonome,  the  oscillations 
of  current  might  be  expressed  in  a broken  line  similar  to 
Fig.  182.  Eqnal  sections  of  the  abscissa  correspond  with  equal 
times,  while  the  ordinates  are  proportional  with  strength  of 
VOL.  Il  K 
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current.  Tlie  ordinates  above  the  abscissa  correspond  with 
desceuding  currents  in  the  nerve,  those  below  tbe  abscissa  with 
ascending  currents.  The  curve  {abcde)  corresponds  to  an  entire 
révolution  of  the  bridge. 

It  is  obviously  easy  to  détermine  by  tins  inetliod  the 
amplitude,  duration,  and  abruptness  of  the  oscillation  within  wide 
limits  ; it  is  also  possible  to  lead  a current  into  the  nerve  whicli 
shall  correspond  only  with  the  tract  {abc).  The  action  of  a 
single  linear  oscillation  of  current  was  investigated  by  Fuhr 
(15),  using  a similar  apparatus  to  that  of  v.  Fleischl.  No  spécial 
différences  from  the  ordinary  method  (in  which  current  intensity 
rises,  as  it  were,  with  infinité  steepness)  could  be  detected  in  the 
indirectly  excited  muscle-twitch.  Von  Fleischl  always  saw  the 
twitches  first  at  a certain  rate  of  rotation  of  the  rheonome,  i.e.  at 
a given  pitch  of  current  oscillation.  They  do  not  last  throughout 
the  entire  period  of  increase  of  intensity,  but  commence  at  a 
certain  pitch,  and  soon  terminate,  while  the  curve  of  oscillation 
increases  still  further,  and  finally  sinks  abruptly.  The  sharp 
turning-points  (kinks)  of  the  curve  are  not  excitatory.  The  re- 
action of  the  muscle  during  the  entire  period  of  current  oscillation 
is  thus  comprised  in  a single  contraction. 

Von  Kries  subsequently  constructed  a “spring  rheonome”  on 
an  entirely  different  principle,  by  which  he  obtained  linear 

variations  of  current  of  different  steep- 
’ nesses,  while  the  resulting  intensity  re- 
mained  constant,  producing  oscillations  of 
h the  form  / . If  àb  (Fig.  183) 

is  a solid  or  fiuid  conductor  traversed 
by  a constant  current,  there  will  at  any 
two  points  be  a différence  of  potential 
proportional  to  the  distance  between  them.  If  c and  d are 
then  joined  by  a conductor,  the  résistance  of  which  as  compared 
with  the  résistance  of  cd  is  very  high  (nerve,  e.g),  it  will  be 
traversed  by  a current  of  which  the  intensity  can  easily 

be  raised  lineally  as  required,  if — as  is  the  case  in  v.  Kries’ 
apparatus — one  leadiug-off  electrode  is  firmly  attached  to  the 
point  c while  the  other  slides  with  constant  rapidity  along 

the  wire  ab,  and  is  finally  brouglit  up  at  a certain  point  of  tlie 

conductor  (Kries,  like  Fleischl,  employed  a trough  of  fiuid)  tra- 
versed by  the  current. 
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Von  Kries  agreed  witli  v.  Fleisclil  that  the  twitches  discharged 
by  “ tiine-stimuli  ” (i.e.  liriear  variations  of  cnrrent)  are  not 
usually  distinguishable  from  tbose  due  to  “ iustantaueons  stimuli.” 
Tn  single  cases,  however,  we  ineet  witli  notable  exceptions,  the 
twitches  from  time-stinuüi  being  mnch  more  extended.  Yet  it 
must  be  remembered  tliat  the  mechanical  changes  of  form  in  the 
indirectly  excited  nmscle-twitch  give  a very  incomplète  repré- 
sentation of  the  true  time-distribution  of  the  excitation  at  the 
point  where  the  nerve  is  directly  excited,  So  that  when  v. 
Kries  concludes  from  his  experirnents  that  a linear  variation  of 
cnrrent  in  one  direction  excites  the  nerve  for  a brief  period  only, 
this  would  seem  to  be  as  little  justified  as  the  postulate  of  a 
universal  law  of  excitation,  based  upon  observation  of  the  make 
and  break  twitch. 

As  a rule,  in  order  that  a time-stimulus  may  evoke  as  high 
a twitch  as  an  instantaneous  stimulus,  the  inteusity  {%)  finally 
reached  at  a given  pitch  (D)  must  exceed  the  intensity  of  the 
momentary  stimulation  for  the  same  effect.  This  different 

ratio  ( ^ ) for  each  value  (D)  is  termed  by  v.  Kries  the  stimula- 


tion quotient.  It  increases  of  course  with  increasing  values  of 
(D),  and  affords  a direct  gauge  of  the  diminution  of  excitatory 
effect  caused  by  the  extension  in  time  of  the  oscillation.  In  the 
frog’s  nerve-muscle  préparation  v.  Kries  found  it  almost  invariably 
greater  than  1.  In  other  cases,  however,  strong  time-stimuli 
yielded  larger  twitches  than  were  usually  produced  by  momentary 
closures.  This  seems  to  be  the  rule  in  sluggishly  reacting 
excitable  substances.  A stimulation  quotient  is  naturally  not  to 
be  obtained  in  such  cases.  The  intégral  dependence  of  the  nerve 
upon  the  nature  or  mobility  of  ’its  constitution  is  clear  from  the 
observation  of  v.  Kries,  that  cooled  nerve  reacts  better  to  lower, 
warmed  nerve  to  higher  oscillation-pitch, 

It  is  noteworthy,  as  first  pointed  ont  by  v,  Fleischl,  and  con- 
firmed  by  v.  Kries,  that  rheonome  twitches  do  not  readily  evoke 
secondary  contractions.  Secondary  action  only  appears  with  very 
strong  supramaximal  stimuli.  V.  Kries  also  observed  stronger 
effects  in  the  capillary  electrometer  with  time-stimuli,  along  with 
simultaneous  failure  to  excite  the  secondary  préparation.  It  is 
plain  tliat  the  wave  of  oscillation  is  differently  distributed  in 
instantaneous  and  in  linear  excitation,  the  latter  being  characterised 
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by  less  steepness  of  pitch  and  more  extended  time-distribution. 
We  may  albrm  without  hésitation  that  nerve  and  muscle  are 
thrown  into  a mnch  more  protracted  state  of  excitation  by  linear 
variations  of  cnrrent  of  a finite  pitch  than  by  momentary  stimub. 

ïhe  saine  may  be  true  of  physiological  innervation.  Tlie 
strikingly  low  rate  of  oscillations  of  the  niuscle-current,  as  noted 
by  Lovèn,  both  in  strychnin-te tamis  and  in  voluntary  innervation, 
011  the  capillary  electrometer,  inakes  it  probable  that  a complété 
tetanus  may  noue  the  less  occur  in  the  frog’s  muscle,  while 
induction  shocks  must  act  at  considerably  greater  frequency  to 
produce  the  same  effect. 


II.  Influence  of  Direction  upon  the  Exciting 
Efficiency  of  Cukrents 

In  addition  to  pitch,  density,  and  duration,  as  well  as  kind 
of  increase,  of  the  exciting  current,  the  effect  of  electrical  excita- 


a. 


+ 

-T' 

c. 

Fio.  1S4. — Schéma  for  the  transverse  excitation  of  nerve. 


</ 

(Hermann.) 


tion  of  the  nerve  dépends,  as  in  muscle,  upon  direction  of  currcnt, 
with  référencé  both  to  arrangement  of  fibres  and  to  peripheral  organ 
at  the  working  end  of  the  nerve.  As  regards  the  former,  it  was 
known  to  Galvani  that  transverse  passage  of  current  through  a 
motor  nerve  at — as  nearly  as  possible — right  angles  to  the  axis  of 
the  fibres  produced  no  effect.  Galvani  bridged  the  nerve  across 
a moist  and  not  very  thick  thread  (Eig.  184  a),  through  which  lie 
led  a constant  current,  lu  conséquence  of  the  narrow  path  of 
the  current  through  the  nerve,  there  are  comparatively  fev 
opportunities  for  the  formation  of  longitudinal  components, 
thougli  these  are  by  no  nieaiis  entirely  excluded.  On  the  other 
hand,  it  is  doubtful  whether  any  considérable  fraction  of  the 
current  traverses  the  nerve,  unless  very  strong  currents  are  niade 
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use  of.  Since,  however,  these  do  produce  vigorous  twitches,  the 
conclusion  for  transverse  inexcitability  of  nerve,  based  upon 
observations  vdtli  weaker  curreuts,  seems  to  be  insufficiently 
establisbed.  Hitzig  (16)  and  Fileline  (16)  eniployed  two  strips 
of  clay,  mixed  with  1 ^ sait  solution,  for  leading  in  the  current. 
Tlie  broad  tbin  edges  of  the  clay  strips  were  applied  on  both 
sides  to  the  nerve,  and  the  strengtli  of  current  appropriately 
graduated.  Here  again  tliere  was  inexcitability  to  transverse 
passage. 

As  in  muscle,  the  best  niethod  is  to  lay  the  nerve  in  an 
“ exciting  chamber  ” filled  witli  indifferent  conducting  fluid 
(physiological  saline),  through  which  the  current  is  sent  froin  two 
opposite  points  or  surfaces  (Fig.  184).  The  results  and  con- 
clusions of  the  several  experimenters  are,  notwithstanding  sinii- 
larity  of  method,  very  divergent.  A.  Fick,  jun.,  (16)  affirms  the 
complété  inexcitability  of  nerve  to  pure  trausverse  passage  of 
current,  confirming  du  Bois-Eeymond’s  conjecture  (16),  that  with 
approximately  equal  conditions  the  influence  of  the  angle  at 
which  the  current  passes  must  be  about  equal  to  its  cosinus. 
Tschirjew  (16),  ou  the  contrary,  déniés  the  influence  of  the 
current  angle,  and  regards  the  excitability  of  the  nerve  to  trans- 
verse and  longitudinal  passage  of  current  as  equal.  It  is 
important  to  remember  that  (as  was  first  pointed  out  by 
Hermann,  17)  the  résistance  of  nerve  is  very  different  in  the 
longitudinal  and  transverse  directions,  being  much  higher  in  the 
latter  than  in  the  former.  If  a layer  of  parallel  frogs’  nerves 
between  two  square  glass  plates  is  traversed  by  current,  flrst  * 
lengthways  and  then  across,  the  transverse  résistance,  as  measured 
by  Wheatstone’s  method,  is  found  to  be  about  five  times  as  great 
as  the  longitudinal  résistance  (according  to  Hermann,  the  flrst 
exceeds  the  résistance  of  the  mercury  by  12|-  million  times,  the 
second  by  only  2|-  million).  Similar  différences  exist  in  striated 
muscle,  and  appear  in  both  cases  to  he  bound  up  with  the  normal 
vital  properties  of  the  tissue,  since  they  diminish  considerably 
after  mortification  lias  set  in.  (According  to  Hermann,  the  ratio 
in  nerve  sinks,  even  with  heating  to  50°  C.,  from  1:5  to  1 : 2 — 4.) 

With  regard  to  these  facts,  it  is  clear  that  when  the  nerve 
enclosed  in  the  exciting  chamber  is  longitudinally  traversed,  a 
greater  fraction  of  the  current  must  pass  through  it  than  when 
the  lines  of  current  are  in  the  transverse  direction,  and  it  only 
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remains  to  be  seeu  wliether  tins  fact  is  sufficient  to  justify 
Tscliiijew’s  assumption.  On  purely  tlieoretical  grounds  this  is 
a priori  improbable,  while  experiments  carried  ont  under  Her- 
mann’s  direction  by  Albreclit  and  A.  Meyer  (16)  are  distinctly 
against  it,  From  the  first  point  of  view  we  bave  the  fact  tbat 
both  in  the  pseudopodia  of  Ehizopods  {Actinosphaerium),  and  also 
in  striated  muscle,  inexcitability  to  currents  directed  vertically 
to  the  long  axis  of  the  cells  is  indubitably  established.  Since 
there  is  general  conformity  between  nerve  and  muscle  in  their 
reaction  to  current,  it  would  be  surprising  if  there  was  any 
exception  in  this  particular.  Albrecht  and  A.  Meyer  showed, 
moreover,  that  with  pure  transverse  passage  of  current  through 
the  nerve,  the  strongest  battery  and  induction  currents  had  no 
eft'ect,  although  the  least  displacement  of  the  nerve  caused  a 
twitch.  Starting  with  certain  experiments  already  described  on 
locally  alcoholised  nerve  (which  indicate  that  excitability  rises 
within  the  tract  involved,  while  conductivity  is  simultaneously 
diminished),  Gad  and  Piotrowsky  (16)  hâve  recently  reaffirmed 
the  transverse  excitability  of  nerve,  urging  as  proof  that  the  local 
increase  of  excitability  from  alcohol  is  more  conspicuous  in  a 
preponderatingly  transverse  passage  of  current  (through  a trough 
between  two  clay  strips  connected  with  unpolarisable  électrodes) 
than  with  the  longitudinal  direction.  Without  entering  into 
detailed  criticism  it  may  be  said  that  this  experiment  hardly 
sufhces  to  throw  over  the  older  conclusions  as  to  trausverse  in- 
excitability of  nerve. 

The  différences  of  e.xcitatory  eff'ect,  according  as  the  current 
fiowing  longitudinally  through  the  nerve  is  directed  to  or  from 
the  terminal  organ,  belong  to  a department  which  lias  been 
explored  from  every  point  of  view  since  the  first  days  of 
galvanism.  A solution  and  a legitimate  interprétation  hâve,  how- 
ever,  only  recently  been  attempted.  We  know  as  a general  law 
that  a constant  electrical  current  fiowing  through  a niotor  nerve 
excites  mainly  at  closure  or  opening  of  the  circuit,  altliough  the 
passage  of  current  at  constant  density  may  also  hâve  an  excita- 
tory  effect  upon  the  muscle.  Along  with  this  fact  we  know  that 
the  magnitude  of  make  and  break  twitch,  and  eveu  the  appear- 
ance  of  one  or  the  other,  is  also  conditioned  by  direction  of 
current  in  the  nerve,  i.e.  whether  it  Ilows  from  a point  proximal 
to  the  muscle  to  a more  distal  point,  or  vice  versa  in  a descend- 


IX 


ELECTRICAL  EXCITATION  OF  NERVE 


135 


ing  direction.  We  cannot  liiiger  over  the  earlier  discussions 
of  the  inatter,  which  for  the  rest  hâve  been  admirably  and 
exhaustively  suinmed  up  by  du  Bois-Eeymond.  It  is  suffi cient 
to  State  that  (after  Pfaff  had  pointed  out  certain  regular  différ- 
ences in  the  action  of  ascending  and  descending  currents)  Kitter 
was  the  first  to  forniulate  a “ law  of  contraction  ” — as  subse- 
quently  confirmed  by  Nobili.  It  will  be  seen  from  the  following 
table  that,  apart  from  direction  of  current,  the  temporary 
excitability  of  the  préparation  plays  a great  part  in  the  effects  of 
stimulation. 


PtlTTER-NOBILl’S  LaW  OF  CONTRACTION 


Stages  of  Excitability. 

Ascending  Current. 

Descending  Current. 

I.  (Ritter) 

M.  contraction 
B.  0 

M.  0 

B.  contraction 

IL  (Ritter) 

M.  contraction 
B.  tveak  contraction 

M.  weak  contraction 
B.  contraction 

III.  (Ritter) 
I.  (Nobili) 

M.  contraction 
B.  contiaction 

M.  contraction 
B.  contraction 

IV.  (Ritter) 
II.  (Nobili) 

M.  weak  contraction  (0) 
B.  contraction 

M.  contraction 
B.  weak  contraction 

V.  (Ritter) 
III.  (Nobili) 

M.  0 

B.  contraction 

M.  contraction 
B.  0 

VI.  (Ritter) 
IV.  (Nobili) 

M.  0 1 iM . weak  contraction 

B.  0 ! B.  0 

Pitter  distinguishes  six,  Nobili  four,  stages  of  excitability.  The 
completely  contrary  effect  of  homodromous  currents  at  the  first 
(highest),  and  later  (Ritter’s  fifth),  stages  of  excitability  is  very 
striking.  ISTobili  déniés  it  and  asserts  that  there  is  only  one 
marked  twitch  for  each  direction  of  current,  the  opening  twitch  of 
ascending,  the  closure  twitch  of  descending  currents.  More 
recently  there  hâve  been  varions  attempts  to  détermine  the  facts 
which  underlie  the  law  of  contraction,  as  well  as  a theoretical 
explanation  of  them.  An  important  step  was  taken  almost 
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simultaneously  by  Heidenliain  and  by  Pflüger,  who  pointed  ont 
that  the  “ law  of  contraction  ” was  a fnnction  not  nierely  of  direc- 
tion of  ciirrent  and  of  excitability,  but  also  of  current  intensity. 
Beginning  witb  the  weakest  currents,  Heidenliain  (18)  obtained 
the  following  table  of  effects  froni  freshly-prepared  nerve  : — 


i 

strength  of  Current. 

1 

De.scending  Current. 

A.scendinj. 

Current. 

Make. 

Break. 

Make. 

Break. 

I. 

0 

0 

C 

0 

IL 

0 

C 

C 

0 

(rarely  contraction) 

(rarely  0) 

III. 

G 

C 

c 

0 

IV. 

C 

C 

c 

C 

Heidenliain  does  not  seem  to  hâve  exceeded  a certain  average 
strength  of  current,  for  Eitter’s  fifth  stage  (and  Nobili’s  third), 
{i.e.  closure  twitch  only  with  descending,  opening  twitch  with 
ascending  direction  of  current,  in  the  fresh  nerve),  do  not  appear. 
Ail  later  observers  State  that  at  a given  medium  strength  of 
current  both  closure  and  opening  are  effective,  with  both  descend- 
ing and  ascending  directions.  It  is  only  with  stronger  currents 
that  the  contrary  effect  of  opposite  direction  of  current  beconies 
apparent.  In  regard  to  minimal  currents,  on  the  other  hand, 
there  are  considérable  différences  of  opinion.  Heidenliain  noted 
as  the  first  contraction  the  closure  twitch  of  the  ascending,  as 
the  second  the  opening  twitch  of  the  descending  current,  while 
niost  later  observers  give  the  closure  twitch  with  both  directions 
of  current  as  the  lîrst  effect  of  minimal  currents  (Bibliograpliy  to 
Herm,  Handh.  ii.  1,  p.  61),  the  only  différence  being  whether  the 
descending  or  ascending  current  was  the  first  to  act.  The 
formula  given  by  Pflüger  (2)  must  undoubtedly  be  accepted  as 
the  niost  correct  expression  of  the  law  of  contraction — 


Strength  of  Current. 

Ascending  Current. 

Descending  Current. 

Make. 

Break. 

Make. 

Break. 

Wcak 

G 

0 

G 

0 

Medium 

G 

( ' 

G 

G 

Strong 

0 

G 

G 

0 

(weak  contraction) 
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In  fresh,  vigorous,  motor  l'rog’s  nerves  tlie  closure  of  weak 
curreuts  tlierefore  efi’ects  a twitcli  witli  both  ascendiiig  and 
descending  direction  of  cnrrent,  wliile  the  opening  of  tbe  current 
reinains  witliout  effect  in  both  cases  (lirst  stage  of  tbe  law  of 
contraction).  The  opening  contraction  then  makes  its  appearance 
gradnally  witli  growing  intensity  of  cnrrent,  so  that  tbe  second 
stage  is  cbaracterised  tbroughout  by  twitcbes  from  the  mnscle, 
which  accompany  the  closure  and  opening  of  both  ascending  and 
descending  currents.  The  opposite  effect  of  a contrary  direction 
of  current  first  appears  when  the  intensity  lias  exceeded  a certain 
liinit,  the  rule  being  then  universal  that  only  the  closure  of 
descending  and  opening  of  ascending  currents  elicit  any  contraction, 
while  closure  of  ascending  and  opening  of  descending  curreuts 
invariably  fail  in  effect.  These  conséquences  are  so  regular  that 
they  can  be  employed  as  a means  of  determining  the  direction  of 
current  physiologically,  upon  a rheoscopic  préparation.  In  order 
to  denionstrate  the  law  of  contraction  it  is  essential  whenever 
possible  to  test  upon  the  saine  préparation  the  effect  of  different 
strengths  of  current  in  one  direction  only,  witliout  changing  the 
position  of  the  nerve  upon  the  électrodes,  the  most  convenient 
niethod  being  to  excite  two  nerve-muscle  préparations  from  the 
sanie  frog  siniultaneously,  by  laying  the  two  nerves  in  opposite 
directions  across  the  same  unpolarisable  électrodes.  It  is  then 
possible  to  observe  at  the  sanie  tinie  ail  the  changes  in  the  reaction 
of  the  muscle  which  follow  upon  increased  intensity  of  current,  as 
wlien,  in  the  third  stage,  one  préparation  twitches  only  on  closiiig 
tlie  current,  the  other  on  opening  it. 

Pflüger  was  the  first  to  give  any  satisfactory  explanation  of  the 
facts  (at  first  sight  very  striking)  which  underlie  the  law  of  con- 
traction. There  is  first  of  ail  the  niarked  contrast  between  make 
and  break  effects  in  the  third  stage.  It  is  obvions  that  the  mere 
alteration  in  direction  of  the  electrical  current  is  not  per  se  a 
sufficient  explanation,  and  if,  as  can  liardly  be  doubted,  the  nerve 
is  also  excited  at  closure  of  the  ascending  and  opening  of  the 
descending  current,  the  failure  of  the  excitation  can  only  be 
explained  by  the  fact  that  it  is  in  some  way  hindered  from 
expressing  itself  iii  the  muscle.  In  other  words,  there  must  at 
sonie  part  of  the  tract  of  nerve  traversed  be  an  alteration  which 
blocks  the  excitatory  process  on  its  way  to  the  muscle,  at  closure 
in  the  one  case,  on  breaking  the  circuit  in  the  other. 
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In  view  of  the  experimeuts  on  striated  and  smooth  muscle  as 
discussed  above,  it  is  natural  to  conjecture  for  nerve  also  that  we 
are  in  presence  of  antagonistic  polar  effects  of  current,  in  the  sense 
that  the  excitation  is  from  the  kathode  only  at  closure,  from  the 
anode  on  opening  the  current.  When,  therefore,  at  closure  of  a 
strong  descending  current,  or  on  opening  a strong  ascending 
current,  there  is  a twitch,  it  is  évident  that  there  is  nothing  in 
either  case  to  block  the  transmission  of  the  excitation  from  the 
corresponding  electrode  to  the  muscle.  When,  on  the  contrary,  the 
break  twitch  fails  to  appear  in  the  first  instance,  the  make 
twitch  in  the  second,  it  may  be  assumed  with  probability  that 
the  kathodic  excitation  discharo;ed  above  the  anode  with  ascending; 
direction  of  current  is  blocked  there,  and  never  reaches  the  muscle. 
And  conversely  the  break  excitation,  discharged  with  a descending 
current  above  the  kathode,  appears  to  die  out  at  the  previously 
kathodic  point  of  the  nerve.  Thus,  in  the  précisé  analysis  of  the 
phenomena  conséquent  upon  the  electrical  stimulation  of  motor 
nerves,  we  reach  the  saine  ultimate  conclusion  as  for  contractile 
substances,  viz.  that  the  current  does  not  discharge  the  process  of 
excitation  equally,  at  ail  points  of  the  area  traversed,  but  produces 
“polar”  alterations,  manifested  partly  as  excitatory  and  partly  as 
antagonistic  inhibitory  phenomena,  as  expressed  in  the  third 
stage  of  the  law  of  contraction.  We  are  indeed  less  favourably 
situated  here  than  in  the  direct  excitation  of  contractile  substances, 
where  the  polar  action  of  the  current  is  immediately  translated 
into  corresponding  changes  of  form  at  the  physiological  pôle,  since 
we  are  thrown  back  in  nerve  upon  the  reactions  of  the  terminal 
organ  (more  or  less  remote  from  the  seat  of  stimulation),  in  proof 
that  the  change  usually  takes  place  in  one  direction  only. 

The  fundamental  importance  of  the  jiostulate  of  polar 
excitation  by  current,  which  Pllüger  at  first  deduced  simply  as 
an  inductive  conséquence  of  the  law  of  contraction,  rendered  it 
désirable  to  obtain  further  direct  evidence  of  its  accuracy.  Y. 
Bezold  (19)  attempted  to  confirm  tbe  law  by  time-measurements 
for  motor  nerve,  as  he  had  for  striated  muscle.  The  method, 
which  in  both  cases  consisted  in  measuring  the  latent  period  of 
the  muscle-twitch,  proved  to  be  even  simpler  for  indirect  than  for 
direct  excitation  of  the  muscle.  If  an  ascending  current  of 
medium  density  is  led  through  a sufficiently  extended  part  of 
the  nerve  in  a nerve-muscle  préparation,  the  latent  period  of  the 


IX 


ELECTRICAL  EXCITATION  OF  NERYE 


139 


make  twitcli  nuist  obviously  be  mucb  longer  (if  the  excitation  is 
discliarged  at  closnre  of  the  current  froin  the  kathode,  distal  to 
the  muscle,  thus  having  a longer  course  thaii  the  anodic  opening 
excitation)  thau  the  latent  period  of  the  break  twitch  undei 
otherwise  siinilar  conditions.  The  contrary  niust  occur  with  a 
descending  current.  The  différence  corresponds  in  either  case 
with  the  time  required  by  the  excitation  to  propagate  itself 
through  the  intrapolar  portion.  These  presuinptions  are  con- 
firined  by  the  results  of  v.  Bezold.  The  interval  between  the 
moment  of  excitation  and  commencement  of  the  muscle-twitch  is 
greater  at  closure  of  the  ascending,  and  opening  of  the  descending, 
current  than  it  is  conversely. 

Further  evidence,  at  least  for  the  localisation  of  the  changes 
in  the  nerve  that  underlie  the  break  excitation,  was  brought  forward 
by  Pflüger  himself,  when  he  showed  that  a Eitter’s  opening  tetanus 
manifested  under  favourable  circumstances  with  descending  direc- 
tion of  current  disappeared  as  soon  as  the  nerve  was  divided  in 
the  niiddle  of  the  intrapolar  tract,  the  muscle  being  thus  removed 
froni  the  influence  of  the  anode.  This  experiment  does  not  of 
course  coure  ofî  irr  a Eitter’s  tetanus  with  ascending  directiorr  of 
current. 

In  order  to  explain  the  phenomerra  cornprised  under  Eflüger’s 
law  of  contraction,  we  are  experimentally  forced  to  assume  that 
the  electrical  current,  along  with  the  excitatory  action  proceed- 
ino'  at  rnake  from  the  kathode,  at  break  frorn  the  anode,  elicits 
simultaneous  inhibitory  actiorr,  the  localisatiorr  of  which  can  only 
be  conjectured.  If  by  analogy  with  the  excitatory  process  we 
regard  the  inhibitory  effect  also  as  polar,  we  should  a priori, 
on  the  analogy  of  the  muscle,  présumé  that  changes  take  place 
irr  tire  substance  of  the  nerve — at  the  anode  at  closure,  at  the 
kathode  orr  operring  the  current  — as  expressed  irr  a more  or 
less  pronounced  dépréssion  of  excitability  and  also  of  conduc- 
tivity.  Ail  the  phenomerra  of  the  law  of  corrtraction  are 
satisfactorily  explaiued  on  this  hypothesis,  with  the  aid  of  the 
further  postulate  that  the  development  of  excitation  and  of 
inhibition  are  not  perfectly  parallel,  siirce  weaker  currerrts  sirffrce, 
as  a rule,  to  produce  the  former,  than  are  recprired  to  elicit  the 
latter.  We  can  thus  understand  why  currents  of  medium 
strength  should  evoke  both  closing  and  opening  twitches,  with 
either  directiorr  of  current.  The  inhibitiorr  which  they  discharge 
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at  tlie  anode  or  kathode  respectively  is  manifestly  insuflicient 
to  neutralise  the  excitation  approacliing  tlie  muscle,  from  the 
kathode  at  make  of  the  ascending  carrent,  from  the  anode  at 
break  of  a descending  carrent.  While,  lastly,  the  single 
reaction  on  stimalating  with  weak  ascending  or  descending 
currents  is  readily  explained  on  the  assumption  that  the  magnitude 
of  the  two  impulses  excited  by  carrent  is  unequal — the  fall  of 
the  carrent  in  particular  being  the  weaker  stimulus.  Witli 
gradually  rising  carrent  intensity,  the  more  active  kathodic 
stimulus  at  make  is  first  to  take  effect,  and  the  weaker  anodic 
opening  stimulus  only  cornes  into  play  when  the  carrent  is  still 
further  strengthened. 


III.  Changes  in  Excitability  and  Conductivity  produced 

BY  THE  PASSAGE  OF  A GaLVANIC  CuRRENT  (ElECTROTONUS) 

We  hâve  next  to  consider  the  facts  from  which  it  is  con- 
cluded  that  an  inhibitory  impulse  arises  at  the  anode  on  closing, 
at  tlie  kathode  on  opening,  a constant  carrent.  It  is  again  to 
Pdüger  that  we  are  indebted  for  décisive  evidence.  While  in  the 
muscle,  polar  inhibition  finds  double  expression  in  change  of  form, 
along  with  simultaneous  dépréssion  of  excitability,  we  are  in 
nerve  throwu  back  solely  upon  the  latter,  and  should  therefore 
(according  to  the  previous  observations)  expect,  with  sufficiently 
strong  currents,  to  find  dépréssion  of  nervous  excitability  at  the 
anode  during  closure,  at  the  kathode  after  breakiug  the  circuit. 
Here  we  are  at  once  confronted  by  a marked  dissimilarity  from 
striated  muscle.  While  in  the  latter,  “ electrotonic  ” changes  of 
excitability  are  essentially  local  and  confined  to  the  physiological 
pôles,  in  medullated  nerve  (under  similar  conditions)  not  merely 
the  whole  intrapolar,  but  considérable  sections  of  the  extrapolar 
région  also,  exhibit  alterations  of  excitability  during  and  after 
the  passage  of  carrent,  these  alterations  being  unlike  and  opposite 
in  the  vicinity  of  the  two  pôles.  Even  the  earlier  electricians 
observed  indications  of  such  a reaction  on  sending  carrent  through 
an  entire  limb,  but  Eckhardt  was  the  first  to  show  by  unex- 
ceptionable  experiments  that  a nerve  of  which  a portion  was 
traversed  permanently  by  a constant  carrent,  underwent  substantial 
modifications  as  expressed  by  increased  or  diminished  excitability 
to  artificial  stimuli  at  points  of  the  intra-  and  extra-polar  régions. 
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The  former  is  uiiiversally  the  case  on  the  side  of  the  katliode, 
the  latter  on  that  of  the  anode.  In  a typical  sériés  of  experi- 
ments  (the  results  and  theoretical  conclusions  from  which  forni 
the  contents  of  the  classical  work  on  “ Electrotonus  ” so  frequently 
alluded  to),  Pilüger  lias  exhaustively  investigated  ail  the  facts 
which  relate  to  this  subject. 

If  a constant  current  is  led,  hy  ineans  of  unpolarisahle  élec- 
trodes, into  the  middle  portion  of  a nerve  that  is  still  united  at 
one  end  with  the  muscle,  the  resulting  alterations  of  excitability 
are  easily  demonstrated  in  the  tract  of  nerve  that  lies  between 
muscle  and  polarising  current.  As  “ test  - stimulus  ” we  may 
employ  either  an  easily  graduated  electrical,  or  a Chemical,  or 
mechanical  excitation,  the  height  of  the  muscular  contraction 
being  of  course  the  gauge  of  excitability.  If  increase  of 
respoiise  is  to  be  demonstrated,  the  twitch  discharged  by  the 
test-stimulus  before  the  polarising  current  is  made  must  obviously 
be  submaximal.  When  the  latter  is  ascending,  aud  the  stimulus  is 
applied  at  a point  of  the  nerve  not  too  reniote  from  the  anode,  in 
the  direction  of  the  muscle,  a more  or  less  delînite  dépréssion  of 
excitability  inevitably  appears,  which  increases  in  magnitude  with 
increasiug  streugth  of  the  polarising  current.  Under  these  condi- 
tions a current  that  previously  discharged  a maximal  twitch  may 
become  totally  ineffective,  aud  in  the  saine  way  a vigorous  tetanus 
produced  by  electrical  or  Chemical  excitation  (concentrated  salt- 
solution)  may  be  momentarily  iuterrupted  if  a strong  ascending 
current  is  closed  above  the  part  excited.  If  different  points  of 
the  “ myopolar  ” portion  of  the  nerve  (between  muscle  and  polar- 
ising current)  are  excited  as  equally  as  possible,  it  can  easily  be 
determined  that,  on  the  one  hand,  the  dépréssion  of  excitability 
spreads  with  increased  intensity  of  current  over  an  increasiug 
portion  of  the  myopolar  région,  while,  on  the  other,  the  degree  of 
alteration  from  the  anode  diminishes  rapidly.  With  a descending 
polarising  current,  tlie  relations  of  excitability  within  the  myopolar 
région  are  precisely  opposite  in  character.  The  response  is  now 
augmented  under  ail  circumstances,  in  a greater  degree  in  propor- 
tion as  the  test-stimulus  is  nearer  the  katliode,  and  the  polarising 
current  (other  conditions  heing  equal)  stronger.  Tetanising 
stimuli,  whicli  previously  elicited  little  or  no  trace  of  excitation, 
evoke  a vigorous  tetanus,  when  a descending  current  of  sufhcient 
strength  is  made  above  the  point  at  which  the  nerve  is  excited. 
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The  relations  of  excitability  in  the  extrapolar  (“  centropolar  ”) 
tract  of  nerve  abovc  tlie  ascending  or  descending  polarising  current 
are  mucli  more  complicated,  particnlarly  in  the  first  case.  The 
augmentation  of  excitability  still  appears  indeed  (as  pointed  out  by 
Pflüger)  with  weak  currents,  but  quickly  passes  into  its  contrary 
with  stronger  excitation,  since  at  a certain  strength  of  polarising 
current  a stimulus  of  given  intensity  discharges  a weaker  contrac- 
tion than  was  previously  the  case,  while  at  last  the  strongest 
stimuli  (which  excited  maximal  twitches  before  the  closure)  fail 
to  give  any  effect.  This,  however,  is  due  less  to  declining 
excitability  above  the  kathode,  i.e.  centropolar  diminution  of  ex- 
citability, than  to  decreased  excitability  and  conductivity  below, 
at  the  anode,  which  becomes  more  and  more  prominent  with 
increasing  strength  of  polarising  current,  and  modifies  in  a greater 
or  less  degree  the  action  of  every  excitation  discharged  from 
above  upon  the  muscle.  This  is  the  principal  reason  why 
Valentin  and  Eckhardt  failed  to  detect  the  extrapolar  increase 
of  excitability  above  the  kathode.  We  must  accordingly  assume 
a constant  increase  of  excitability,  proportionate  with  strength  of 
current,  above  the  ascending  as  well  as  below  the  descending 
current:  as  in  the  latter,  it  is  the  more  pronounced  the  nearer  the 
point  tested  lies  to  the  polarised  tract  of  nerve  ; at  a definite 
distance  from  the  kathode  (according  to  the  intensity  of  the 
current)  it  is  0.  The  extrapolar  excitability  above  the  anode  of 
the  descending  current  is  again  in  complété  conformity  with  the 
anodic  alterations  of  excitability  which  appear  below  the  ascending 
current.  There  remains  only  the  excitability  within  the  intra- 
polar  tract  that  is  actually  traversed  by  the  ascending  or  descend- 
ing current.  Obviously,  whatever  has  been  stated  above  of  muscle 
under  the  saine  conditions,  both  as  regards  dififlculties  of  investiga- 
tion and  method  adopted,  must  hold  good  of  nerve  also. 

Starting  with  the  erroneous  presumption  that  an  induction- 
current  excites  the  entire  tract  of  nerve  through  which  current  is 
passing,  Pflüger  attempted  in  the  first  place  to  détermine  the 
“ total  excitability”  of  the  intrapolar  tract,  as  dépendent  upon  the 
strength  of  the  polarising  current, — leading  in  the  induction  current 
employed  as  test-stimulus  by  the  polarising  électrodes  (according 
to  a method  previously  employed  by  Eckhardt),  as  was  described 
above  for  muscle.  But  since  2^olao'  action  has  now  been  determined 
for  induced  currents  also,  it  is  clear  that  the  results  of  these 
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experiments  canuot  be  accepted  in  tlie  original  sense.  Pflüger 
himself  bas  niade  certain  experiments  with  Chemical  excitation  of 
single  points  of  the  intrapolar  tract  of  the  nerve  wliich  show  it 
to  be  di\dded  into  two  sections,  separated  hy  an  “indifterent 
point  ” — in  one  of  whicli  excitahility  is  depressed,  while  it  appears 
to  be  raised  in  the  other— the  former  occurring  in  the  vicinity  of 
the  anode,  the  latter  in  that  of  the  kathode.  Witli  increasiiig 
strength  of  current  the  indiffèrent  point  sliifts  from  the  région 
of  the  anode  to  tliat  of  the  kathode  (independently  of  the  direc- 
tion of  the  current)  in  a higher  degree  in  proportion  with  the 
strength  of  the  polarising  current.  The  anodic  dépréssion  of 
excitahility  spreads  in  tins  way  witli  increasing  strength  of 
current  over  a constantly  enlarging  area  of  the  tract  of  nerve 
traversed.  These  facts,  as  to  alterations  of  excitahility  in  the 
intrapolar  tract,  hâve  heen  recently  confirmed  by  Tigerstedt  (20) 
with  mechanical  single  stimuli,  since  his  observations  coincide 
entirely  with  ail  the  other  results  of  Pflüger. 

The  after-effects  of  the  constant  current  u'pon  the  excitahility  of 
nerve  (among  the  immédiate  conséquences  of  which  niust  be 
reckoned  the  break  excitation  itself)  are  no  less  important  than 
the  alterations  of  excitahility  which  appear  during  the  closure  of 
the  polarising  current.  Here  again  certain  isolated  researches 
date  from  the  first  days  of  galvanism,  and  hâve  been  carefully 
summarised  by  Pflüger  {Electrotonus,  p.  72  ff.)  : these  refer 
mainly  to  the  conditions  of  appearance,  and  to  the  interprétation 
of  the  opening  excitation.  But,  as  Pflüger  pointed  out,  the  after- 
effects  ot  the  passage  of  current  are  expressed  not  nierely  in  visible 
excitatory  phenomena,  but  also  in  regular  alterations  in  response 
at  ail  those  parts  of  the  nerve  which  manifested  changes  of 
excitahility  during  the  passage  of  the  polarising  current.  This 
may  be  briefly  expressed  by  saying  that  tliere  is,  generally 
speaking,  at  ail  points  where  a rise  of  excitahility  is  apparent 
during  the  passage  of  the  current,  a diminution  of  response 
immediately  after  the  opening  of  the  circuit,  and  vice  versa.  It 
should  be  added  that  the  positive  modification  (increase  of  excita- 
bility)  on  botli  sides  of  the  kathode  of  the  polarising  current  is 
only  tevi2mxt7nly  reversed  at  break,  and  finally  terminâtes  in  a new 
incrément  of  excitahility,  while  the  négative  modification  (déprés- 
sion of  excitahility)  in  the  région  of  tlie  anode  undergoes  a 
permanent  positive  modification,  and  subsides  as  such.  Tlie 
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duration  of  tbe  first  phase  of  décliné  of  the  kathodic  alteration 
of  excitability  (négative  modification)  is  sborter,  other  conditions 
being  ecpial,  in  proportion  as  the  polarisiug  current  is  strengtbened, 
so  tbat  it  is  sometiines  ditticult  to  demonstrate  (Obernier,  21  ), 
and  can  oïdy  be  sbown  wben  tbe  test-stimulus  acts  simultaneously 
witb  or  immediately  after  tbe  opening  of  tbe  polarising  current. 
Otbervvise  tbe  intensity  and  duration  of  the  after-effects  dépend 
entirely  upon  tlie  intensity  of  the  original  changes,  including  of 
course  strengtb  of  tbe  modifying  current. 

From  these  facts,  tberefore,  we  learn  tbat,  when  a tract  of 
medullated  nerve  is  continuously  traversed  by  a constant  current, 
the  nerve  falls  not  merely  at  and  between  tbe  électrodes,  but  also 
beyond  tbe  pôles,  into  an  altered  state  (electr otonus),  as  manifested, 
apart  from  other  plienomena  to  be  described  below,  in  alterations 
of  excitability  towards  given  stiniuli,  in  the  sense  tbat  there  is, 
while  tbe  current  is  passing,  an  increase  of  excitability  in  tbe 
région  of  the  katbode,  a dépréssion  of  excitability  in  tbe  région 
of  the  anode.  Tbe  term  katelectrotonus  is  commonly  applied  to 
the  former  state,  the  term  anelcctrotonus  to  tbe  latter,  tbougb  it 
sbould  be  remarked  of  botb  expressions  tbat  tbey  cover  not 
merely  tbe  alterations  of  excitability,  but  also  tbe  modification  of 
tbe  nervous  substance  produced  by  an  electrical  current  in  tbe 
région  of  tbe  two  pôles, — wbicb,  as  we  shall  see,  may  find  other 
modes  of  expression. 

Tbe  electrotonic  alterations  of  excitability  may  be  clearly  sbown 
in  a graphie  représentation.  If  the  excitability  of  eacb  point  is 
drawn  as  ordinate  upon  tbe  nerve  as  abscissa,  tbe  line  wbicb 
unités  tbe  tops  of  tbe  individual  ordiuates  usually  (apart  from  tbe 
increase  of  excitability  near  tbe  cross-section)  forms  a line  parallel 
witb  the  abscissa.  If  current  is  tben  led  througb  tbe  middle 
portion,  there  will  be  increased  excitability  on  tbe  side  of  tbe 
katbode,  diminisbed  excitability  ou  tbat  of  tbe  anode.  If  tbe 
former  is  represented  by  an  ordinate  drawn  upwards  (positive),  tbe 
latter  may  be  similarly  drawn  as  a downward  line  (négative). 
Tbe  excitability  déclinés  from  eitber  point,  botb  between  and 
beyond  tbe  pôles,  and  spreads  over  a larger  tract  of  tbe  nerve  as 
tbe  polarising  current  beconies  stronger.  Let  gi  (Fig.  185)  be 
the  nerve,  to  wbicb  are  applied  tbe  électrodes  A and  I>  ; tbe 
excitability  of  single  points  during  closure  to  weak,  medium,  and 
strong  currents  may  be  expressed  by  tbe  tbree  curves  abc,  def. 
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and  (jki.  Here  again  tlie  true  forin  of  the  curve  is  uncertain,  and 
this  inerely  represents  the  general  relations.  The  curve  ahc 
shows  that  nearly  the  whole  of  the  intrapolar  tract  is  thrown 
Avith  mininial  currents  into  a state  of  anginented  excitability 
(katelectrotonns),  while  the  indifferent  point  in  this  case  is  near  the 
anode.  Excitability  increases  gradually  froni  this  point  on  the 
one  side,  while  on  the  other  it  is  correspondingly  diininished. 
Tlie  alteration  reaches  its  maximum  in  the  immédiate  proximity 
of  the  two  électrodes,  whence  it  déclinés  again  to  0.  The  curve 
{(lef)  from  currents  of  medium  strength  is  essentially  the  same, 
but  is  distinguished  by  the  larger  tract  of  nerve  which  it  embraces, 
and  by  higher  ordiuates,  while  the  indiffèrent  point  lies  about 
midway  in  the  intrapolar  région.  These  différences  correspond 


with  the  fact  that  the  electrotonic  alterations  of  excitability 
increase  in  intensity  and  extent  of  diffusion  with  the  strength  of 
the  polarising  current.  The  sanie  applies  to  the  curve  {ghi)  of 
strong  currents,  which  contrasts  with  ahc,  inasmuch  as  the 
indifferent  point  lies  near  the  kathode,  so  that  almost  the  whole 
intrapolar  tract  is  in  a state  of  anelectrotonus.  It  would  also 
be  easy  to  record  the  after-effects  of  au-  and  katelectrotonns,  since 
the  excitability  of  every  point,  at  ail  events  immediately  after 
breaking  the  current,  is  exactly  opposite  to  the  effect  at  closure. 

We  hâve  up  to  this  point  considered  only  the  effect  of 
strength  of  polarising  current  upon  magnitude  and  diffusion  of 
electrotonic  alterations  of  excitability,  yet,  as  Pfiüger  bas  shown, 
the  length  of  tract  traversée!,  as  Avell  as  the  time-relations  of  the 
passage  of  the  current,  are  not  unimportant  factors.  The  first  of 
these  two  (besides  the  older  experiments  of  Humlioldt,  Eitter, 
and  others)  was  investigated  by  du  Bois-Pieymond.  According 
to  Ohni’s  law,  the  intensity  of  an  electrical  current  is  directly 
proportional  with  its  E.M.F.  and  inversely  proportional  with  the 
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résistance  of  the  circuit.  If  tlie  effect  of  leiigth  of  tract  upon 
excitation,  or  upon  electromotive  alterations  of  excitability,  is  to 
be  studied,  care  inust  be  taken,  in  view  of  tlie  great  résistance 
of  nerve,  tbat  the  total  résistance  is  not  unduly  altered  with  the 
enlargeinent  of  area  traversed.  Du  Bois-Eeymond  accomplished 
this  by  introducing  an  alcohol  rhéostat  as  résistance,  against 
which  the  résistance  of  the  nerve-tract  is  practically  minimal. 
He  then  found  that  the  extrapolar  electrotonus  {i.e.  its  galvanic 
manifestation),  and  the  négative  variation  as  the  expression  of 
excitation,  were  more  strongly  developed  when  the  intrapolar 
tract  was  lengthened.  Pflttger  subsequently  reached  the  saine 
conclusions. 

Willy  (22)  then  tested  the  different  magnitudes  of  twitch 
under  uuiform  conditions.  He  employed  two  nerves,  traversed 
one  in  longer,  the  other  in  shorter  portions  by  current. 
Stronger  excitation  of  the  longer  portion  was  found  to  be 
effective  with  the  closure  of  descending  currents  only,  while 
closure  of  ascending  currents  gave  the  contrary  effect.  Willy 
formulated  his  observations  as  follows  : “ Excitability  is  cœteris 
parïbus  the  stronger,  in  proportion  as  the  muscle  is  nearer  the 
kathode,  and  farther  froin  the  anode.” 

Marcuse  (22)  investigated  the  saine  problem  under  Eick’s 
direction,  the  nerve  being  placed  in  a small  parallel-epipedic 
glass  trough  filled  with  physiological  saline.  Its  opposite  walls 
were  made  of  amalgamated  zinc,  through  which  an  induced 
current  was  led  in.  As  a longer  or  shorter  portion  of  the  nerve 
was  bathed,  it  was  traversed  by  the  current  at  constant  density  ; 
with  increasing  length  the  minimal,  just  effective  strength  of 
current  diminished,  at  first  rapidly  and  then  more  slowly, 
“ appearing  to  approach  a limit  asymptotically,  or  after  passing 
a minimum  to  increase  again.”  With  the  constant  current  also, 
i\Iarcuse  found  a bénéficiai  effect  from  a longer  intrapolar  tract, 
with  both  ascending  and  descending  direction  of  current,  since 
the  first  perceptible  twitch  made  its  appearance  earlier  than  in 
a shorter  tract.  Tschirjew  (16)  and  Clara  Halperson  (23) 
arrived  at  much  the  saine  results. 

The  time-development  of  ail  the  modifications  in  the  nervous 
substance  which  are  characteristic  of  electrotonus,  incliidiug  the 
above  alterations  of  excitability,  will  be  discussed  at  a later  period. 
l’fiiiger  places  the  katelectrotonic  increase  of  excitability  im- 
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mediately  after  tlie  closure  of  the  battery  current,  from  wliich 
point  it  déclinés  slowly,  while  anelectrotonus  is  relatively  slow  to 
develop  and  to  diffuse  ; the  inaxinuun  invariably  occurs  some  time 
after  closure.  We  sliall  see  that  tins  agréés  perfectly  witli  the 
galvanic  alterations  of  the  nerve  in  electrotonus. 

If  conductivity  is,  iu  the  words  of  Gad,  only  the  expression 
of  “ longitudinal  excitability  ” in  the  nerve,  i.e.  capacity  of  trans- 
mitting  a local  excitation  longitudinally  from  section  to  section, 
it  seems  a ‘priori  highly  probable  that  it  should  nndergo  alterations 
of  conductivity  coextensive  with  the  electrotonic  alterations  of 
excitability.  The  law  of  contraction  indeed  indicates  directly 
that  the  persistent  anelectrotonus  (with  ascending  direction  of 
current),  as  well  as  the  diminishiug  katelectrotonus  (with  desceud- 
iug  direction  of  current),  do  cause  an  inhibition  of  conductivity 
as  regards  the  excitation  approaching  iu  the  first  case  from  the 
kathode,  in  the  last  from  the  anode.  It  must  further  be  assumed, 
in  view  of  the  first  and  second  stages  of  the  law  of  contraction, 
that  the  dépréssion  of  conductivity  effects  an  active  inhibition  only 
with  relatively  high  strengths  of  polarising  current.  Von  Bezold’s 
admirable  investigation  (19)  of  conductivity  in  electrotonised 
nei’ve  only  corresponds  partially  with  these  presumptions.  It 
h as  been  stated  that  every  excitation  discharged  above  a tract 
of  nerve  traversed  by  an  ascending  or  descending  current 
remains  without  effect  at  a certain  strength  of  polarising 
current,  because  the  diminution  of  excitability  (and  conduc- 
tivity) is  presnmably  so  considérable  in  the  entire  anelectrotonic 
tract,  that  it  oflers  an  actual  hindrance  to  the  propagation 
of  the  stimulus  to  the  muscle.  Before  tins  point  is  reached, 
however,  tins  betrays  itself  in  a more  or  less  considérable 
delay  in  the  entrance  of  the  muscle-twitch,  which  is  greater  in 
proportion  with  the  strength  and  duration  of  passage  of  the  polaris- 
ing current.  In  order  to  détermine  exactly  the  share  taken  by 
the  polarised  tract,  the  two  pôles,  and  also  the  extrapolar  tract  of 
nerve,  v.  Bezold  in  the  first  place  stimulated  the  muscle  directly, 
and  then  the  nerve  at  three  different  points  (et,  ij,  c)  of  its  course,  by 
a single  induction  shock  (Fig.  186).  It  was  then  possible  from 
the  différences  of  latent  period  to  calculate  the  rate  of  conduc- 
tivity of  the  excitation  from  a to  the  muscle,  from  l to  a, 
and  from  c to  h.  Au  ascending  battery  current  was  then  led 
uninterru|jtedly  through  the  tract  c,  the  secondary  cnil  of  au 
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induction  apparatns  being  included  in  tlie  circuit,  wlien  tlie  finally 
retarding  influence  of  tlie  extraiiolar  anelectrotonus  npon  tlie  rate 
of  conductivity  appeared  on  repeating  tlie  four  twitclies.  Tins 
occurred  in  fact  without  exception  : apart  from  tlie  influence  of 
duration  of  closure  (as  already  mentioned),  the  value  of  tliis 
retardation  at  eacli  cross-section  of  the  nerve  vvas  greater  in 
proportion  witli  its  proximity  to  the  positive  pôle  of  the  polarising 
current.  If  tins  resuit  can  hardly  he  regarded  as  surprising, 


Fig.  186. — Influence  of  electrotonus  iipon  conductivity  in  nerve.  (v.  Bezold.) 


silice  it  agréés  perfectly  with  the  reaction  of  excitability  af  the 
single  points  of  the  extrapolar  tract  of  the  nerve  as  described 
above,  v.  Bezold’s  further  observations  are  at  fîrst  sight  very 
remarkable.  He  finds  a similar  reaction  of  conductivity  when 
the  polarising  current  at  c is  descending,  the  niyopolar  tract  of 
the  nerve  being  therefore  in  katelectrotouus.  In  view  of  the 
contrast  expressed  in  all  other  relations  betweeii  anelectrotonic 
and  katelectrotonic  alterations  of  the  nerve,  we  should  a priori 
expect  the  contrary,  i.c.  accélération  of  conductivity,  or  no 
alteration.  The  fact  is,  however,  less  surprising  when  it  is 
reineinbered  that  v.  Bezold  eniployed  very  strong  constant 
currents,  and  prolonged  the  closure  for  thirteen  minutes.  Under 
these  circumstauces  the  polar  katelectrotouus  of  the  muscle  is 
also  expressed  as  a pronoiinced  dépréssion  of  excitability  and  of 
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coluluctivity,  wliicli  long  üutlasts  tlie  opeiiiiig  of  the  polarising 
circuit  (local  fatigue).  Eutlierford  (24)  iiideed  lias  sliowii,  witli 
weaker  polarising  curreuts  aud  sliorter  closures,  tliat  conductivity 
is  retarded  in  auelectrotoiius  only,  while  it  is  accelerated  in  kat- 
electrotouus  ; it  is  only  with  strong  currents  or  longer  closure 
that  sucli  accélération  passes  into  its  contrary.  It  had  previously 
been  pointed  ont  by  Hermann  (25)  and  Grünbagen  (25),  and  also 
by  Werigo  (25),  that  witli  longer  closure  of  strong  currents  the 
initially  augmented  excitability  of  the  kathodic  points  of  the  nerve 
gave  way  to  a gradually  developing  inexcitability,  which  may 
amount  to  complété  impenetrability  to  excitation  with  even  the 
strongest  induction  shocks.  This  state  develops  in  the  muscle 
proportionately  with  the  strength  of  the  polarising  current, 
and  may  make  such  a rapid  intra-  and  extra-polar  entrance 
that  it  is  hardly  possible  to  demonstrate  the  transitory  rise 
of  excitability.  With  weak  currents,  on  the  other  hand,  it  is 
hours  before  this  secondary  alteration  in  excitability  makes 
its  appearance.  If  the  polarising  current  is  opened  at  the 
moment  at  which  the  kathode  becomes  impénétrable,  excitability 
(conductivity)  returns  almost  instantaneously — to  disappear  again 
with  renewed  closure  of  the  curi'eut.  V.  Bezold  attempted  to 
draw  conclusions  as  to  conductivity  within  the  intrapolar  tract 
itself,  and  assumed  an  indifferent  point,  halving  the  area  traversed 
by  the  current  (its  position  being  independent  of  strength  of 
current),  from  either  side  of  which  conductivity  diminished 
regularly  towards  both  pôles. 

In  immédiate  connection  with  these  changes  in  the  excitability 
of  nerve  during  the  electrotonic  state,  and  its  direct  after-effects, 
there  is  a whole  sériés  of  excitatory  and  inhibitory  pheuomena 
which  must  be  briefly  considered.  The  opening  excitation  was 
referred  to  above  as  an  after-effect  of  the  passage  of  current, 
in  Pdtter’s  sense,  i.e.  a reaction  of  the  nerve  to  certain  alterations 
produced  by  the  current.  Eitter  expresses  himself  character- 
istically  as  follows  {Beitrcige  zur  nahcre.n  Kcnntniss  des  Galvanismus, 
i.  p.  78  ff.,  1802):  “ We  hâve  stated  that  the  phenomena  which 
accompany  the  removal  of  battery  - currents  are  of  peculiar 
significance.  In  justification  of  this  a.ssumption  we  need  only 
emphasise  the  fact  that  they  appear  at  the  instant  in  which 
the  organic  body  and  its  constituents  are  withdrawn  from  the 
influence  of  the  battery.  Hence  they  are  in  no  way  the  ini- 
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médiate  product  of  the  battery,  for  how  could  this  eugender  theiii, 
seeing  that  it  is  no  longer  présent  ? The  organism  which  lias 
been  in  circuit  inust  yield  tliem  itself,  and  can  only  yield  them 
hccause  it  lias  been  in  the  circuit,  since  otherwise  it  would  not 
hâve  done  so.” 

It  would,  as  Pflüger  remarks,  be  hard  to  find  a more  correct 
description  of  the  peculiarities  of  the  opening  excitation  ; and  the 
recent  attempts  at  giving  another  interprétation  of  this  original 
theory  of  the  brealc  excitation  (by  which  it  dépends  upon  the  dis- 
appearance  of  a peculiar  state  engendered  by  the  current)  can  only 
partially  be  endorsed. 

The  later  observations  of  Pflüger  and  others  state  that  : as 
the  closure  excitation  is  caused  by  the  apjiearance  of  katelectro- 
tonus  {i.e.  the  sum  of  alterations  in  the  nervous  substance 
produced  at  the  kathode  by  current),  so  the  opening  excita- 
tion is  the  immédiate  conséquence  of  the  disappearance  of  the 
anelectrotonic  changes.  The  alterations  of  excitability  which 
accompany  electrotonus,  or  its  disappearance,  seem  however  to 
authorise  a further  step  in  the  explanation  of  these  phenomena. 
It  must  always  be  remembered  tliat  (as  bas  been  repeatedly 
expressed  from  other  points  of  view)  no  sharp  dividing-line 
between  increase  of  excitability  and  excitation  can  be  predicated. 
Rise  of  excitability  beyond  a certain  point  may  pass  directly 
into  excitation,  while,  on  the  other  hand,  a Aveak  persistent  latent 
excitation,  which  lias  not  produced  any  visible  conséquences,  may 
only  be  expressed  in  a heightened  capacity  for  response.  Both 
appearance  of  katelectrotonus  and  disappearance  of  anelectrotonus 
are  accompanied  by  a marked  and  easily  demonstrated  increase 
of  excitability,  which  reaches  its  greatest  intensity  at  the  pôles, 
and  in  fact  discharges  an  effective  excitation  there,  provided  other 
conditions  are  favourable.  From  this  point  of  view  the  altera- 
tions of  excitability  in  nerve  as  ivell  as  in  muscle  (which  are 
only  the  partial  manifestation  of  electrotonus)  fall  into  immédiate 
relation  with  the  excitatory  phenomena  characteristic  of  the  two 
moments  of  appearance  and  disappearance,  closure  and  opening 
of  the  current.  There  is  no  spécial  alteration  of  the  living 
matter  fundamental  to  excitation,  and  distinct  in  nature  from 
the  alterations  expressed  in  rise  of  excitability,  but  both  together 
are  different  manifestations  of  one  and  the  saine  change  of  state 
which  the  excitable  substance  suffers  under  the  influence  of 
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tlie  electrical  curreiit,  iii  tlie  oiie  case  at  tlie  kathode,  in  tlie 
otlier  at  the  anode. 

A law  wliicli  appears  to  hold  for  ail  excitable  substances 
dépends  upon  tbe  fact  tbat,  after  prolonged  or  repeated  closure 
of  a batteiy  ciirrent,  with  unaltered  position  of  électrodes  and 
direction  of  curreut,  tbe  effect  of  the  closure  excitation  déclinés 
more  and  more,  and  finally  fails  altogetber.  We  bave  already 
pointed  ont  for  muscle  tbat  tbis  dépends  not  upon  a gradually 
developing  inexcitability  of  the  entire  tract  traversed  by  current, 
but  upon  a local  alteration  of  tbat  point  (or  points)  at  wliich  the 
excitatory  process  was  discharged  primarily,  and  indeed  during 
the  entire  closure  of  the  current,  i.e.  tbe  physiological  kathode. 
The  simplest  pi'oof  of  this  is  given  in  the  fact  that  the  muscle 
reacts  vigorously  on  reversing  the  current,  as  a rule  even 
more  vigorously  than  before.  The  same  is  true  of  indirect 
excitation  of  the  muscle  from  the  nerve.  A'^olta,  and  after  him 
jMarianini,  came  to  the  conclusion  that  each  direction  of  current 
diminishecl  excitability  toivards  itself,  and  raised  it  foi'  the  op2iosite 
direction.  “ For  if  current  is  led  through  a galvanic  prépara- 
tion so  that  one  leg  is  traversed  in  the  ascending,  the  other 
in  the  descending  direction,  the  twitches  will  gradually  die  out 
in  both  legs  accordiiig  to  the  duration  of  closure  of  the  current. 
On  reversing  the  current,  lively  contractions  reappear  in  both 
muscles.”  This  phenomenon  is  termed  “ the  Voltaic  Alternative 
{siqyra).  Kosenthal  (26)  lias  receutly  made  the  facts  relating  to 
it  the  subject  of  a thorough  investigation,  the  results  of  which 
are  summed  up  in  the  observation,  “ Every  constant  current  that 
traverses  a motor  nerve  for  any  length  of  tiine  throws  it  into  a 
State  of  increased  excitability  to  the  openimj  of  the  same,  and 
closure  of  the  oiyiosite,  current,  of  diminished  excitability  to  the 
closure  of  the  former  and  openiny  of  the  lattcr.  Eitter  pointed 
out  that  the  openiiig  tetanus  disappeared,  and  the  muscle 
became  relaxed  instantaneously,  when  the  battery  curreut  was 
closed  in  the  same  direction  as  before,  just  as  in  dii’ect  excita- 
tion of  tbe  muscles  the  anodic  persistent  opeuing  contraction  is 
suppressed  by  closure  of  the  homodromous  current.  llosenthal 
adds  that  closure  of  the  current  in  the  opposite  direction  not 
nierely  fails  to  abolish  Hitter’s  tetanns,  but  even  increases  it  con- 
siderably  ; while  opeuing  of  tlie  circuit  acts  like  closure  of  the 
liomodromous  current,  i.e.  neutralises  the  tetanus.  An  extinguished 
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opening  tetanus  may  eveu  be  reinstated  by  closure  in  tlie  oppo- 
site direction,  if  closure  and  rapid  reopening  of  tlie  bomodromous 
current  fail  to  do  so.  If  tbe  tetanus  wbicb  dérivés  from  the 
opening  of  an  ascending  or  descending  current  is  strengthened 
by  closure  in  tbe  opposite  direction,  and  if  this  last  is  persistent, 
the  tetanus  wbicb  was  at  first  reinforced  will  disappear  gradu- 
ally.  But  if  tbe  current  remains  closed  after  its  disappearance, 
tetanus  reappears  wben  it  is  opened,  and  tbe  préparation  reacts 
to  tbis  current,  as  previously  to  its  opposite,  i.e.  as  if  tbis  current 
bad  acted  from  tbe  brst  upon  tbe  nerve.  Tbe  new  current, 
tberefore,  in  tbe  first  instance  abolisbes  tbe  original  modification, 
and  tben  begins  to  reinstate  it. 

Ail  tbese  facts  find  a direct  explanation  in  tbe  polar  altera- 
tions of  excitability,  or  excitatory  and  inbibitory  phenomena  in 
nerve,  as  described  above,  and  migbt  indeed  bave  been  predicted 
from  tbis  standpoint.  In  tbis  sense  Eosentbafis  law  is  no  more 
tban  a conséquence  of  tbe  polar  law  of  excitation  as  set  fortb 
above — a necessary  effect  of  the  simultaneous  and  antagonistic 
changes  produced  at  tbe  two  pôles  by  current,  and  tbe  suc- 
cessive changes  at  oue  and  tbe  same  pôle  during  closure  and  after 
opening  of  tbe  current.  It  tbus  appears  almost  self-explanatoiy 
tbat  renewed  closure  of  tbe  liomodromous  current  sliould  at  once 
break  off  a persistent  opening  excitation,  since  at  tbat  moment 
anelectrotonus  would  again  prevail  at  every  point  of  tbe  nerve 
at  wbicb  tbe  excitability  bad  been  heightened.  Closure  of 
current  in  the  opposite  direction  would  of  course  bave  tbe  con- 
trary  effect,  since  excitation  resulting  from  tbe  vanisbing  anelec- 
trotonus would  be  supported  by  tbe  k'atelectrotonus  appearing  at 
the  same  point. 

Seeing  tbe  importance  wbicb  bas  accrued  to  tlie  application 
of  tbe  electrical  current  in  practical  medicine,  tbe  many  attempts 
to  détermine  electrotonic  alterations  of  excitability,  and  tbe  law 
of  contraction  on  man,  become  intelligible.  Yet  it  is  a priori 
obvions  tbat  tbe  difficulties  of  investigation  are  incoinparably 
greater,  since  tbe  complicated  and  in  part  intangible  relations  of 
current  distribution  and  conduction  render  any  direct  comparison 
of  results  witb  tbose  obtained  from  tbe  stimulation  of  isolated 
nerve  difficult,  and  often  quite  imiiossible.  Under  any  circum- 
stances  tbe  greatest  caution  is  required  in  accepting  tbe  conclu- 
sions obtained  from  experiments  on  man. 
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In  the  okler  litevature  of  galvanisni  there  is  only  one  often- 
quoted  communication  by  lUtter  (1802),  with  reference  to  altera- 
tions of  excitability  in  liuman  nerve  under  the  influence  of  the 
electrical  cuiTent.  On  dipping  both  hands  into  two  vessels  of 
water  connected  with  the  pôles  of  a strong  battery,  liitter  found 
after  a certain  time  (he  remained  half  an  hour  in  connection  with 
the  battery)  that  mobility  was  perceptibly  iucreased  in  the  arm 
through  which  current  was  ascendiug,  while  it  was  correspond- 
ingly  diminished  in  the  arm  traversed  in  the  descending  direc- 
tion. ïhese  modifications  continned  for  a short  time  after 
opening  the  circuit.  Pflüger  saw  in  tins  experiment  an  entire 
confirmation  of  his  conclusions  from  the  frog-preparation.  If  a 
battery  is  closed  through  both  arms,  “ the  nerves  of  the  arm  are 
traversed  by  currents  of  different  density  from  the  brachial 
plexus,  or  the  spinal  cord  with  its  motor-nerve  roots,  becanse 
the  cross-section  of  the  path  of  the  current  is  here  so  large  that 
current  density  may,  generally  speakiug,  be  regarded  as  minimal. 
For  tins  reason  the  arm  traversed  in  a descending  direction  may 
be  pictured  as  if  the  positive  electrode  was  applied  to  the 
shoulder,  the  négative  to  the  hand.  That  traversed  in  the 
descending  sense  must  correspond  with  the  opposite  distribu- 
tion.” ISTow  since  stimuli  above  a descending  current  discharge 
twitches  weaker  than  the  normal,  those  above  an  ascending  cur- 
rent on  the  contrary  being  stronger,  the  conformity  with  the 
laws  of  electrotonus  would  seem  to  be  complété,  when  it  is 
remembered  that  “ the  sensorium  itself  here  takes  on  the  business 
of  excitation  above,  in  the  one  case,  the  positive,  and,  in  the  other, 
the  négative  electrode.”  At  a much  later  period  Fick  (27)  again 
endeavoured  to  estimate  the  electrotonic  alterations  of  excitability 
in  man.  He  tried  to  polarise  the  ulnar  nerve  at  the  posterior 
side  of  the  internai  coudyle,  in  order  to  test  the  anelectrotonus, 
but  without  success.  “ At  an  almost  rmbearable  strength  of 
current  (10—14  Bunsen)  no  trace  of  inhibition  was  visible  in  the 
muscles  supplied  by  the  ulnar  nerve.”  Fick  ascribed  his  failure 
to  the  impossibility  of  applying  sufiiciently  strong  currents,  which 
is  the  more  improbable,  since  electrotonic  alterations  of  excitability 
appear  with  extremely  weak  currents. 

This  was  followed  by  the  investigations  of  Eulenburg  (27), 
Erb  (27),  Saint  (27),  and  others,  which  partly  confirmed  and 
partly  contradicted  the  conclusions  of  Pflüger.  Eulenburg  agreed 
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with  liim  on  the  ground  of  liis  own  experirnents,  finding  invari- 
ably  a diminution  of  excitability  in  the  région  of  tlie  anode,  au 
augmentation  in  tliat  of  the  katliode.  Erb,  on  the  contrary,  ob- 
served  on  bis  own  idnar  nerve  an  initial  decrease  of  excitability 
near  the  kathode,  and  increase  uear  the  anode,  which,  as  was  sub- 
sequently  pointed  ont  by  Helmlioltz  and  admitted  by  Erb,  is 
essentially  due  to  the  formation  of  secondary  electrode  points  pro- 
dnced  by  relations  of  condnctivity  within  the  arm.  Samt  again 
obtained  contradictory  results  in  different  cases,  and  referred  this 
apparent  inconstancy  of  reaction  to  an  inconstancy  of  the  nerve  itself. 

No  one  who  is  nnprejudiced  can  doubt  (in  spite  of  these 
contradictions)  that  if  it  were  possible  to  test  human  motor 
nerves  in  the  same  unexceptionable  manner  as  the  nerve  of  a 
frog’s  leg,  there  would  be  essentially  the  same  reaction  of  excit- 
ability nnder  the  influence  of  a battery  current — this  effect  being 
only  masked  in  man  and  other  intact  animais  by  the  masses  of 
tissue  which  surround  the  nerve,  and  the  complications  that  arise 
in  applying  the  électrodes.  De  Watteville  (27)  in  fact  finds, 
with  due  précaution  agaiust  every  possible  source  of  error,  that 
tliere  is  complété  conformity  between  the  electrotonic  alterations 
of  excitability  in  the  nerves  of  man  and  in  frogs’  nerves,  both 
as  regards  the  effects  during  closure  of  the  modifying  constant 
current  and  the  after-effects  of  opening  the  circuit. 

These  considérations,  which  apply  more  especially  to  tlie 
ditticulties  and  fallacies  attending  the  investigation  of  electro- 
tonus  in  man,  are  no  less  apparent  in  ail  experirnents  brought 
forward  in  proof  of  the  law  of  contraction  on  other  intact  living 
animais.  There  is  again  great  uncertainty  among  the  diÔerent 
authors,  both  as  to  results  and  in  method.  It  appears  to  be 
quite  impossible  to  speak  of  any  definite  direction  of  current 
in  the  nerve,  as  long  as  it  is  still  in  situ,  since,  as  Hermann 
points  ont,  “ the  current  necessarily  divides  so  that  it  flows 
through  both  apparently  extrapolar  tracts,  and  that  in  a direction 
contrary  to  the  intrapolar  current”  (H.  Handh.  ii.  1,  p.  62, 
Eig.  187).  For  this  reason  it  lias  been  usual  to  fall  back 
upon  the  so-called  “ unipolar  ” (more  correctly  monopolar)  method 
of  stimulation,  the  application  of  which  is  {supra)  sometimes  of 
value  in  direct  excitation  of  the  muscle,  in  testing  the  local 
visible  action  of  cui'rent  at  the  point  of  greatest  density.  Eor 
nerve,  however,  it  must  be  regarded  as  illusoiy  to  test,  at  any 
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strengtli  of  curreiit,  the  action  of  a single  isolated  pôle.  It  is 
clear  tliat  if  one  pôle  be  applied  as  close  to  the  nerve  as  possible, 
while  the  broad  surface  of  the  otber  rests  npon  any  distant 
(indifferent)  part  of  the  ^ 

body,  the  density  of  the 
cnrrent  ninst  be  uneqnal  


respect  of  physiological 

action.  This  might  occasionally  be  the  case  with  minimal 
cnrrents,  but  witli  eveu  a low  increase  of  cnrrent  intensity 
the  action  of  the  other  pôle  mnst  corne  into  play.  Every 
nerve  that  lias  an  anode  mnst  hâve  a katliode  also,  even 
if  only  one  electrode  is  directly  counected  with  it,  and  it 
dépends  on  the  ratio  of  density  between  the  two  pôles 
Avhether  one  or  the  other  acts  alone  or  preponderatingly. 
Tliis  agréés  with  the  fact  that  the  make  twitch  (“  anodic  closure 
twitch  ” of  the  pathologist)  is  observed  in  monopolar  excitation 
of  a motor  nerve  with  the  anode  as  well  as  with  the  kathode. 
The  widespread  opinion  among  pathologists  (e.g.  Brenner,  27)  that 
the  results  of  monopolar  excitation  of  nerve  may,  theoretically, 
be  set  side  by  side  with  the  facts  of  ordinary  bipolar  excitation, 
and  the  recent  acceptance  of  this  view  by  some  physiologists 
(Jofé,  28),  cannot  be  adniitted  for  the  study  of  electrical  excita- 
tion of  nerve,  althongh  the  monopolar  method  may  legitimately 
be  applied  in  single  cases.  The  above  theory  would  nndoubtedly 
lead,  as  in  tbe  case  of  Jofé,  to  false  conclusions, — con- 
tradicted  by  the  many  facts  and  experiments  nnderlying  the 
established  principles  of  electro-physiology,  which  mnst  be  the 
substrate  of  ail  future  discoveries.  We  mnst  therefore  set  aside 
ail  attempts  to  demonstrate  the  law  of  contraction  in  man  and  in 
intact  animais,  since  no  new  points  of  view  can  be  elicited  from 
them. 

IV.  Exciting  Efficiency  of  Electrical  Currents 


at  the  physiological  anode  ^ 
and  kathode  of  the  nerve, 
but  by  no  means  to  such 


an  extent  that  the  one  pio.  isr 
pôle  alone  is  involved  in 

^ IBe] 


1S7.— Schéma  of  current  distribution  in  a nerve  in 
situ  ; J.'k,  Virtual  kathodes  ; aa,  Virtual  anodes. 

(Bernstein.) 


It  is  évident  that  the  phenomena  nnderlying  Plliiger’s  law  of 
contraction  mnst  be  more  or  less  altered  by  local  or  general 
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alterations  of  excitability  iii  tlie  nerve,  so  tbat  it  is  no  wonder 
if,  under  certain  conditions,  there  are  apparent  exceptions  from 
tbe  raie.  Apart  from  tlie  well-known  tendency  of  “ cooled  frogs  ” 
to  snstained  tétanie  excitation,  wlücli  renders  them  almost  en- 
tirely  nnsnitable  to  tbe  démonstration  of  tbe  law  of  contraction, 
we  bave  to  remember  tbe  influence  exercised  by  tbe  proximity  of 
an  artificial  cross-section,  not  merely  upon  general  excitability, 
but  also  upon  tbe  mode  of  action  of  tbe  battery  current. 

As  regards  tbe  former,  tbe  raised  excitability  at  tbe  cross- 
section  of  a medullated  nerve  must  be  regarded  essentially  as 
a conséquence  of  katelectrotonus,  produced  witbin  a certain 
tract  from  tbe  cross-section,  by  internai  sbort-circuiting  of  tbe 
nerve-current, — a fact  to  wbicb  we  sball  return  later.  We  must 
first  consider  tbe  influence  of  tlie  transverse  section  ^ipon  tlie  polar 
action  of  current. 

If  unpolarisable  électrodes  are  applied  to  tbe  eut  end  of  a 
motor  nerve  of  a frog,  so  tbat  tbe  lower  electrode  in  contact  witb 
tbe  “long  section,”  and  tbe  upper  resting  on  tbe  cross-section, 
are  sufficiently  approximated,  tlie  intrapolar  tract  heing  very  short, 
tbe  effect,  even  witb  minimal  currents,  invariably  corresponds 
witb  tbe  tbird  stage  of  tbe  law  of  contraction.  At  a some- 
wbat  greater  distance  of  tbe  peripberal  electrode  (intrapolar 
tract  =1—2  cm.)  tbe  effect  of  excitation  witb  weak  currents 
is,  on  tbe  otber  band,  a closure  twitcb  witb  ascending,  a closure 
and  an  opening  twitcb  witb  descending  direction  of  current.  In 
tbis  connection  we  bave  also  tbe  experiment  of  Heidenbain  (29), 
wbo  divided  tbe  nerve  between  tbe  électrodes  and  closed  up  tbe 
eut  ends  again  ; wbereupon,  if  tbe  incision  was  made  sufficiently 
near  tbe  myopolar  electrode,  tbe  activity  of  tbe  latter  alone 
persisted.  Tbe  zone  of  depressed  excitability  in  tbe  région  of  tbe 
eut  surface  in  nerve  appears  to  be  considerably  greater  in  warm- 
tban  in  cold-blooded  animais.  At  least  tbe  experiment  cornes  off 
witb  a greater  distance  of  électrodes  in  tbe  first  case  tban  in  tbe 
last.  If  tbe  sciatic  nerve  of  a mammal  or  bird  is  exposed  in  its 
full  extent,  and  tben  divided  (after  previously  determining  tbe 
exclusive  eflect  of  closure  witb  not  excessively  strong  ascending  or 
descending  currents,  at  tbe  electrode  proximal  to  tbe  centre), 
tbere  will,  witb  tbe  électrodes  close  togetber  (about  1 cm.), 
under  tbe  same  conditions  as  before,  be  a closure  twitcb  only  witb 
descending  direction  of  current,  an  opening  twitcb  witb  ascending 
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direction.  Siniilar  ellects  inay  be  observed  iii  frog’s  iierve  on 
wariiiing  tlie  eut  end  to  40-60°  C.,  or  by  freezing  for  an  extent 
of  about  1 cm.  By  gradually  moving  tlie  électrodes  along  a 

distance  of  1—2  cm.  it  is  easy  to  find  tlie  place  at  wbicb,  begin- 
ning  witli  minimal  currents,  tliere  is  witli  ascending  direction  of 
current  a break  twitch,  with  descending  direction  a make 
twitch,  only.  This  is  obviously  anotber  proof  of  the  law  of  polar 
excitation. 

l\^e  bave  seen  tbat  tlie  closure  and  openiiig  of  a current  sent 
tbrough  a regular  parallel-fibred  muscle  will  only  excite  normally 
when  tlie  active  electrode  is  at  the  uninjured  end  of  the  muscle. 
The  explanation  of  this  phenonienon  as  given  above  leads  us  to 
conjecture,  from  the  wide-reaching  conformity  of  reaction  to  the 
electrical  current  in  nerve  and  muscle,  that  analogous  effects 
would  appear  in  the  partially  iujured  nerve  also.  But  we  hâve 
seeii  that  it  is  not  sutticient  to  apply  one  electrode  to  the  cross- 
section  of  an  otherwise  normal  nerve,  while  the  other  rests 
upon  any  point  of  the  longitudinal  surface,  in  order  to  obtain 
the  effects  corresponding  with  the  third  stage  of  Pflüger’s  law  : 
it  is  necessary  to  destroy  a considérable  portion  of  the  nerve  from 
the  transverse  section,  while  as  far  as  possible  preserving  its  finer 
histological  structure.  This,  as  we  shall  presently  see,  is  due  to 
the  fact  that  there  are  in  medullated  nerve  (in  conséquence  of  a 
peculiar  diffusion  of  the  exciting  current  on  either  side  of  both 
kathode  and  anode)  innumerable  points  where  the  current  leaves 
or  enters,  so  that  the  “ physiological  kathode  ” or  anode  extends 
over  a comparatively  large  portion  of  the  nerve,  according  to  the 
strength  of  current  at  the  moment.  The  intrapolar  tract  of  nerve 
thus  falls  into  two  parts,  differing  according  to  its  length  and  the 
intensity  of  the  current,  and  termed  respectively  anodic  and 
kathodic,  while  each  of  these  also  embraces  a larger  or  smaller 
portion  of  the  extrapolar  région.  These  two  segments,  in  one  of 
which  (the  kathodic)  activity  is  set  up  simultaneously  at  many 
points  at  closure,  in  the  other  at  opening  of  tlie  current,  are 
separated  by  a spot  known  as  the  “ indifferent  point.” 

If  the  nerve  is  destroyed  as  locally  as  possible,  without 
essential  alteration  of  structure  at  the  point  corresponding 
with  the  electrode  distal  to  the  muscle,  the  extrcqiolar  interférence 
from  the  kathodic  or  (according  to  direction  of  current)  anodic 
section  is  eliminated  ; but  the  excitatory  action  of  the  intrapolar 
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portion  is  in  no  way  abolislied,  so  long  as  excitability  is  not 
niaterially  depressed  at  tlie  points  adjacent  to  the  indiffèrent 
point.  For  tliese  must  obviously  play  the  same  part  in  relation 
to  the  effectuation  or  failure  of  the  excitation  proceeding  froin 
the  upper  electrode  as  the  fibre-ends  in  the  parallel-fibred  muscle 
traversed  by  carrent,  and  injured  at  one  end  (Biedermann,  30). 

Certain  Chemical  substances  may  also  be  employed  for  the 
partial  killing  of  medullated  nerve,  and  Harless  (31)  lias  com- 
municated  observations  on  the  effect  of  ammonia  npon  the 
uerve-trunk,  which  agréé  essentially  with  the  above  results  from 
local  deatli  of  the  nerve.  Ammonia,  when  applied  in  a con- 
centrated  solution,  destroys  the  vital  properties  of  the  nerve  at  the 
point  of  application  without  exciting  it,  or  (at  least  at  an  early 
stage)  essentially  altering  its  structural  relations.  Thus  by 
applying  ammonia  with  a little  brush  (Harless)  to  points  of  the 
intrapolar  tract,  the  kathodic  or  anodic  section  of  the  nerve 
traversed  hy  carrent  {i.e.  the  sum  of  ail  points  which  at  given 
strength  of  carrent  and  position  of  électrodes  must  be  regarded 
as  exit-  or  entry-points  of  the  carrent)  may  be  functionally  eut  off, 
and  the  intrapolar  tract  divided  at  the  indifferent  point,  without 
alteration  of  structure  ; so  that  in  the  case  before  us  only  those 
excitatory  effects  can  corne  into  play  which  correspond  with  the 
peripheral  electrode,  i.e.  with  descending  direction  of  carrent  the 
closing,  with  ascending  direction  the  opening  excitation.  Since 
the  effect  of  ammonia  (and  to  a lesser  degree  of  other  Chemical 
substances  in  solution)  spreads  in  time  with  even  carefully 
localised  application  beyond  the  original  point  of  contact,  becoming 
weaker  in  proportion  with  the  distance  from  the  seat  of  direct 
action,  it  is  clear  that  after  applying  ammonia  in  the  région  of  the 
central  electrode,  the  modifications  of  excitability  in  successive 
sections  of  the  nerve  must  be  very  graduai.  It  is  consequently 
unnecessary  to  apply  the  ammonia  to  the  intrapolar  tract  itself  ; 
it  is  sufticient  (especially  if  the  électrodes  are  not  too  far  apart)  to 
apply  it  to  the  points  of  the  nerve  which  lie  beneath  the 
central  electrode,  or  even,  if  the  excitation  is  in  the  continuity 
of  the  nerve,  on  the  far  side  of  tins,  within  the  “ centropolar  ” 
région.  When  the  advancing  ammonia-efiect  lias  penetrated  to 
the  région  of  the  lower  electrode,  it  is  of  course  désirable  to 
shift  the  électrodes  (at  their  original  distance)  farther  along  the 
nerve.  If,  however,  the  électrodes  are  placed  so  that  the  distribu- 
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tioii  of  current  corresponds  witli  Lhe  above  conditions,  tlie 
exclusive  eftect  of  excitation  will  be  tlie  appearance  of  the 
closure  twitcli  with  descending  direction  of  current.  In  regard 
to  tlie  action  of  weak  ascending  currents,  tliere  is  a perce] )tible 
différence  from  the  cases  of  partial  death  of  the  nerve  as  previously 
described.  For  wliile  in  these  last  even  weak  ascending 
currents  (and  an  arrangement  of  the  électrodes  at  which  the  saine 
currents  wlien  descending  produce  only  a closure  twitch)  elicit 
unmistakable  opening  twitches  hardly  less  in  size  tlian  the  latter, 
these  fail  altogether  with  local  application  of  ammonia,  or  appear 
inerely  as  a trace  when  the  drug  begins  to  act,  or  with  marked 
strengthening  of  the  current. 

When  Pfiüger  formulated  his  law  of  contraction  in  1859,  it 
seemed  hardly  doubtful  that  the  effectuation  of  the  opening 
stimulus  in  the  motor  nerve  depended  in  lirst  degree  upon 
the  momentary  intensity  of  current.  This  view  was  confirmed 
by  the  majority  of  later  workers  in  this  department.  Yet 
Eitter,  and  subsecpiently  Nobili,  had  already  pointed  out  as  a 
second  factor  the  differing  “ states  of  excitability  ” in  the  nerve. 
Eosenthal  and  v.  Bezold  (32)  accordingly  drew  up  a law  of  con- 
traction for  moribuud  nerve,  which  conforms  perfectly  with 
Pflüger’s  law,  and  by  which,  with  un  altérée!  (low)  strength  of 
current  at  the  saine  point  of  nerve  in  three  successive  stages  of 
dying,  the  same  alternating  effects  of  excitation  are  observée!  as 
appear  in  fresh  nerve  (accoreling  to  Pflüger’s  law)  with  weak, 
medium,  and  strong  currents.  These  changes  may  be  simply 
explaineel  on  Pfiüger’s  theory  from  the  course  of  the  alterations 
of  excitability,  which  (according  to  prevailiug  views)  characterise 
the  single  points  of  nerve  tliat  is  in  process  of  elying,  and  which 
appear  at  the  more  central  points  before  the  peripheral. 

Pfiüger  in  the  fîrst  instance  deduced  his  law  from  observations 
taken  almost  exclusively  from  the  isolated  nerve-muscle  prépara- 
tion of  the  frog,  where  the  conditions  of  excitability  are  not 
essentially  different  from  the  normal.  For  tliis  préparation, 
therefore,  his  law  is  practically  uncontested. 

Yet  there  liave  been  objections  even  here  to  its  validity  in 
the  case  in  which  the  excited  nerve  is  still  connected  with  the 
central  organs  of  the  living  animal. 

Bernard,  8chiff,.and  Valentin  (33)  ail  agréé  that  the  electrical 
excitation  of  undivided  nerve  “ produces  contraction  of  the  muscle 
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at  closure  oiily  ami  not  at  opeiiiiig  of  tlie  circuit,  wliatever  tlie 
direction  of  tlie  current,”  provicled  only  tliat  it  is  not  too  strong. 
Valentin,  who  characterises  tins  reaction  as  “tlie  true  law  of  con- 
traction in  vigorous,  unaltered,  living  nerve,”  certainly  carried  ont 
liis  experiments  nnder  conditions  tliat  did  not  admit  of  a fair 
estimate  of  current  distribution,  since  lie  introduced  (métal)  élec- 
trodes into  tlie  tliigli  of  tlie  intact  animal.  Tliis,  liowever, 
matters  tlie  less,  since  Claude  Bernard  and  Schiff  liad  already 
arrived  at  tlie  saine  results  on  stimulating  tlie  exposed  nerves 
(connected  witli  the  central  organs)  of  vertebrates,  of  different 
classes.  Bernard  already  inclined  to  the  view  tliat  tlie  nervoiis 
centres  exert  a spécial  influence  upon  tlie  efferent  nerve-trunks, 
tliiis  keeping  up  the  normal  excitability,  and  enabling  them  to 
fall  into  excitation  at  the  entrance  only  of  (not  unduly  strong) 
currents.  The  following  remark  seems  at  ail  events  to  bear  such 
an  interprétation  : “ Le  nerf  moteur  tire  ainsi  ses  propriétés  de  la 
moelle.  Il  les  perd  à l’air  ; mais  il  peut  les  reprendre,  pourvu 
qu’il  communique  encore  avec  le  centre  nerveux.”  At  the  sanie 
time,  the  experiment  addiiced  as  evidence  liardly  justifies  the 
conclusion.  It  is  merely  tliat  a partially  isolated  frog’s  sciatic 
regains  its  normal  excitability,  when  the  part  is  moistened,  after 
préviens  alteration  from  drying. 

The  idea  that  the  failure  of  the  opening  twitch,  on  exciting 
undivided  nerves  with  eveii  strong  currents,  is  due  to  an  inhibitory 
impulse  from  the  central  organ,  finds  definite  exposition  in  a recent 
Work  by  T.  Eumpf  (33).  The  experiments  were  niostly  carried  ont 
ou  the  sanie  préparation  as  was  employed  by  Bernard.  The 
sciatic  nerve  fornis  the  only  connection  between  one  of  the  legs 
and  the  otherwise  intact  body  of  the  frog.  From  the  fact  tliat 
here,  “ in  the  nerve  connected  with  the  central  organ,  the 
opening  twitch  of  the  ascending  current  occurs  iiiucli  later 
{i.e.  with  stronger  currents)  than  in  that  separated  from  the 
central  organ  ” — as  appears  still  more  plainly  when  the  spinal 
cord  is  cooled  by  external  application  of  sonie  freezing  mixture, — 
Eumpf  concludes  that  “ constant  effects  are  visible  in  the  iiiotor 
nerve  connected  with  the  central  organ  (as  expressed  in  altera- 
tions of  electrical  excitability)  which  cannot  be  denionstrated  in 
a nerve  separated  from  its  centre,  since  in  tins  case  the  opening 
twitch  either  appears  simultaneously  with,  or  shortly  after,  the 
closure  twitch.”  The  latter  is  “not  modified  ” by  the  section. 


IX 


ELKOTRIC'AL  EXCITATION  OF  NERVE 


161 


Hermann  (34),  tinally,  points  ont  the  possibility  “ tliat  the 
opening  excitation,  wliicli  is  dépendent  on  tlie  disappearance  of 
sonie  change  in  the  nerve,  may  be  inüuençed  liy  a certain  résist- 
ance of  the  nerve  to  deeper  effects  of  the  current  (at  an  earlier 
stage  of  excitability).” 

It  is  remarkable  that  the  different  acconnts  of  tlie  initi.al 
appearance  of  the  opening  excitation,  on  stimulating  with  loeak 
eurrents,  i.e.  at  the  first  stage  of  PHüger’s  law  of  contraction,  slionld 
again  vary  in  the  case  of  nerve  separated  from  its  centre.  Pflüger 
hiinself  lays  down  that  the  make  twitch  is  the  primary  conséquence 
of  stimulation  with  either  direction  of  current,  agreeing  with  the 
observations  of  Bernard,  Schiff,  v.  Bezold,  and  Eosenthal.  Heiden- 
hain  (18),  on  the  contrary,  finds  in  most  cases  that  tlie  closure 
twitch  with  ascending,  the  opening  twitch  with  descending  direc- 
tion, is  the  first  effect  of  stimulation  with  minimal  eurrents. 
Sometimes,  however,  lie  obtained  only  a closure  twitch  with  both 
directions  of  current.  Wundt  (35)  made  similar  observations. 

The  perfectly  regular  effects  of  excitation,  witli  a given  arrange- 
ment and  distance  of  électrodes  in  divided  or  partially  killed  nerve, 
gives  rise  to  the  conjecture  that  the  différences  cited  may  perhaps 
be  explained  by  différences  in  the  position  of  the  électrodes  upon 
a nerve  divided  from  its  centre. 

We  hâve  already  seen  that  in  exciting  the  eut  end  of  a freshly 
exposed  nerve  (one  electrode  being  applied  to  the  cross -section 
itself,  or  to  a point  of  the  nerve  close  to  it)  the  immédiate  effect 
of  closure  of  a minimal  descending  current  is  a twitch  of  the 
muscle.  A slight  increase  of  current  elicits  a closure  twitch  with 
ascending,  as  well  as  an  opening  twitch  with  descending  direction 
of  current.  These  are  approximately  equal,  and  weaker  than  the 
descending  closure  twitch  at  the  sanie  strength  of  current.  The 
ascending  opening  twitch  only  makes  its  appearance  wdth  much 
greater  strength  of  current.  The  effects  of  stimulation  are  very 
different,  under  otherwise  uniforni  conditions,  witli  weak  and  even 
with  medium  eurrents,  if  both  électrodes  are  applied  to  a section 
of  the  sanie  nerve  lying  a little  deeper.  For  then,  without  excep- 
tion, only  the  closure  hoitch  occurs  ivitli  loth  directions  of  current, 
as  was  pointed  ont  by  Rosentlial  and  v.  Bezold. 

The  électrodes  may  be  shifted  to  the  immédiate  vicinity  of 
the  muscle,  or  middle  portions  of  tlie  nerve  may  be  excited  ; so 
long  as  the  most  central  contact  is  suflficiently  distant  (about  1 cm.) 
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froni  tlie  cross-section,  the  described  reaction  undergoes  no  change, 
or  such  only  that  the  closure  twitches  discharged  at  different 
points  of  the  nerve,  with  uniforin  distance  of  électrodes  and 
strength  of  current,  are  of  different  magnitudes — corresponding 
with  the  fact  that  the  excitahility  of  a divided  nerve  is,  as  a rule, 
not  nierely  greater  in  the  vicinity  of  the  cross-section  than  at 
the  periphery,  hut  also  that  certain  spécial  points  in  its  continuity 
are  characterised  hy  a higher  excitahility. 

If  with  descending  direction  of  current  the  central  electrode 
is  placed  quite  close  to  the  cross-section,  there  is  invariahly  an 
opeuing  twitch  along  with  the  closure  twitch,  at  any  given  posi- 
tion of  the  other  electrode,  and  that  at  very  low  intensity  of  the 
exciting  current,  hardly  exceeding  the  threshold  of  activity. 
With  ascending  direction  of  current,  on  the  other  hand,  the 
peripheral  electrode  must  he  hrought  to  within  a few  millimétrés 
of  the  kathode  at  the  cross-section,  in  order  to  demonstrate  the 
opening  twitch,  as  well  as  that  at  closure.  The  closure  twitch  is 
then,  with  low  intensity  of  current,  very  small,  and  often  entirely 
absent  ; the  same  applies,  after  reversing  the  current,  to  the 
opening  twitch. 

The  dependence  of  the  opening  excitation  upon  the  proximity 
of  the  cross-section  of  a nerve  to  the  anode  stands  ont  with 
especial  clearness  when  (as  was  first  shown  by  Heidenhain,  29) 
the  électrodes  are  applied  anywhere  along  the  continuity  of  a 
nerve,  and  the  “ centropolar  ” tract  so  shortened  by  amputation 
that  the  cross-section  is  hrought  into  the  immédiate  vicinity  of 
the  upper  electrode.  The  opening  twitch  is  at  first  seen  only 
with  descending  direction  of  current,  and  it  is  not  till 
the  intrapolar  région  is  shortened,  whether  by  bringing  the 
lower  electrode  close  to  the  upper,  or,  as  was  said  before,  hy 
making  the  cross-section  within  the  intrapolar  tract  itself,  and 
applying  the  eut  ends  together  again,  that  the  opening  twitch 
appears  with  ascending  direction  also,  while  the  closure  twitch 
hecomes  less,  or  fails  altogether. 

The  most  obvions  interprétation  of  the  efficacy  of  even  very 
weak  opening  stimuli  in  the  immédiate  proximity  of  the  cross- 
section  of  a nerve  is  that  derived  from  the  well-known  observa- 
tions of  Heidenhain  (29),  to  the  effect  that  on  applying  a cross- 
section  either  to  a fresh  nerve  or  to  one  in  which  excitahility 
is  already  declining,  the  response  of  each  point  not  unduly  remote 
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is  considerably  increased  towards  tlie  electrical  stimulus.  Tins  is 
caused  by  the  fact  tbat  botli  asceiiding  and  descendiug  currents, 
wdiich  produce  only  minimal  effects  of  excitation  upon  closure, 
will,  wlien  led  in  by  unpolarisable  électrodes  to  the  lower  portion 
of  the  nerve,  produce  almost  maximal  closure  twitclies,  provided 
the  nerve  is  divided  at  not  too  great  a distance  from  the  central 
electrode.  The  appearance  of  the  break  twitch  seems,  at  first 
sight,  to  indicate  the  saine  thing,  since  it  is  hardly  perceptible 
with  low  intensity  of  current,  if  the  anode  falls  within  the  région 
which  is  obviously  the  most  strongly  affected  by  the  cross-section. 

Although  it  is  indisputable  that  the  opening  excitation 
takes  eftect  at  a very  low  intensity  of  current  if  the  anode  is 
placed  in  the  immédiate  vicinity  of  a section  (mechanical, 
Chemical,  or  thermal)  applied  to  the  nerve,  the  preceding, 
and  till  now  generally  accepted,  interprétation  ought  not  to 
pass  muster.  We  need  not  dwell  on  the  fact  (as  frequently  con- 
firmed  by  experiment)  that  the  opening  twitch,  in  those  very 
nerve-muscle  préparations  which  are  taken  from  animais  brought 
fresh  from  a cold  chamber  into  the  laboratory,  and  in  which 
excitability  is  very  high,  appears  plainly  for  the  first  time  with 
relatively  strong  currents,  while  in  préparations  from  less  excitable 
frogs  there  is  sometimes  (if  rarely)  an  opening  excitation  without 
the  application  of  any  trausverse  section,  at  a low  strength  of 
current — because  the  inévitable  closure  tetanus  masks  the  weaker 
opening  effects,  which  are  thus  detected  only  by  a delay  in  the 
muscular  relaxation. 

On  the  other  hand,  décisive  evidence  against  the  exclusive 
agency  of  rise  of  excitability  in  the  production  of  the  opening 
twitch  is  affbrded  by  the  fact  that  division  of  a nerve  in  the 
vicinity  of  the  anode  is  at  once  followed  by  the  appearance  of 
the  opening  twitch  ; even  when  excitability  lias  from  any  reason 
been  much  reduced  during  the  experiment,  so  that  (as  far  as  can 
be  judged  from  the  height  of  the  closure  twitches  then  discharged) 
it  is  not,  even  near  a.  fresh  cross-section,  as  great  as  it  was  at  the 
saine  point  in  the  uninjured  nerve.  Nevertheless  the  opening 
twitch  fails  completely  with  the  same  strength  of  current  at  the 
commencement  of  the  experiment,  while  it  appears  immediately 
after  rnaking  the  cross-section,  in  spite  of  the  absolutely  lower 
excitability. 

In  this  connection  there  are  certain  very  instructive  experi- 
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nients  on  nerve,  relating  to  préparations  enclosed  for  several 
hours  in  a moist  cbaniber  at  tlie  température  of  the  room  ; 
excitaljüity  being  iu  conséquence  mucb  diniinislied.  Immediately 
after  dividing  sucb  a nerve  near  the  electrode  distal  to  the  muscle, 
a weak  descending  current  will  discharge  a break  twitch,  along 
with  the  make  twitches,  which  are  not  essentially  altered  in  magni- 
tude by  the  incision.  ïhe  ascending  closure  twitch  may  indeed 
apj)ear  rather  larger  than  before,  but  is  iiothing  like  its  original 
height.  It  tlius  appears  that  other  factors  corne  into  play  near 
a point  of  section,  which  favour  the  appearance  of  the  opening 
twitch  independently  of  augmentation  of  excitability. 

At  this  point  we  must  ask  whether  the  opening  excitation 
of  the  nerve  is  conditioned  to  the  saine  extent  as  the  closins; 
excitation  by  its  State  of  excitability  at  the  moment.  Whether, 
in  other  words,  it  is  possible  to  produce  opening  twitches  with 
weak  currents,  by  artificially  increasing  the  excitability  to  closure 
stimuli. 

This  question  might  seem  to  be  already  decided  by  the  experi- 
inents  of  llosenthal  and  v.  Bezold  (32)  to  which  we  hâve  fre- 
quently  alluded,  since  in  these  observations  the  opening  twitch 
appears  even  with  weak  currents,  owing  to  the  alleged  rise  of 
excitability  during  the  spontaneous  dying  of  the  nerve.  But 
this  appears  to  occur  only  uuder  certain  conditions.  At  ail  events, 
Biedermann  has  been  unable,  on  repeating  the  experiment,  to  dis- 
cover the  régulai’  succession  of  the  three  stages  of  the  so-called 
law  of  contraction  in  inoribund  nerve,  on  exciting  any  point  with 
uniformly  weak  currents — provided  the  préparation  was  enclosed 
in  a moist  chamber,  and  carefully  preserved  from  injury,  and 
especially  from  évaporation.  As  was  pointed  ont  above,  even 
the  priniary  stage  of  increased  excitability  described  by  Eosen- 
thal  in  the  inoribund  nerve  was  not  apparent  under  these 
circumstances  ; there  was  rather  for  the  most  part  a graduai 
sinking  of  excitability.  It  should  also  be  iioted  that,  with  un- 
altered  position  of  électrodes,  the  closure  of  the  ascending 
current  is  first  to  beconie  ineffective,  so  that  at  a certain  stage 
of  dying  the  descending  closure  twitch  is  the  sole  effect  of  weak 
currents.  This  fact  agréés  with  the  so-called  Eitter-Yalli  law, 
by  which  excitability  is  more  quickly  extinguished  at  points 
nearer  the  centre  than  at  the  periphery.  It  would  seem,  how- 
ever,  as  already  pointed  out,  that  the  facts  which  support  this 
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law  relate  iiot  so  iiiucli  to  uiiequal  diiuinutioii  of  excitability  at 
different  points  of  tlie  nerve,  as  to  iinpaired  conductivity. 

On  tlie  other  liand,  it  is  a well-known  and  easily  confirmed 
fact  tliat  tlie  response  of  a nerve  to  weak  electrical  stimuli  is 
considerably  beightened  by  loss  of  water  ; and  tliat  indeed — as 
was  poiuted  ont  more  especially  by  Harless  and  Birkner  (36) — 
at  a time  when  the  spontaneous  twitches  wliich  induce  the  so- 
called  desiccation-tetanus  are  still  completely  absent.  Grün- 
hagen  and  Mommsen  (36)  bave  recently  sbown  tliat  “a  nerve  is 
tlie  more  sensitive  to  the  effect  of  the  electrical  current  in  pro- 
portion with  its  loss  of  water,  especially  when  the  characteristic 
spontaneous  twitches  make  their  appearance.”  Hence  it  is  of 
interest  to  see  whether  the  opening  of  a battery  current  of  low 
intensity  acts  in  this  case  as  sufficient  stimulus.  Harless  dis- 
covered  tliat  after  partial  loss  of  water  in  the  nerve,  the  opening 
twitch  was  discharged  by  weak  ascending,  as  well  as  descending, 
currents,  and  it  is  easj'  to  confirm  the  truth  of  this  fact  by  the 
simple  experiment  of  exposing  a frog’s  nerve,  laid  over  unpolar- 
i sable  électrodes  at  not  too  high  (room)  température,  to  graduai 
évaporation,  and  exciting  it  from  time  to  time  with  ascending  or 
descending  currents,  the  intervals  not  being  excessive.  It  is 
advisable  in  these  experinients  to  use  a nerve-muscle  préparation 
still  connected  with  the  spinal  cord,^  in  order  completely  to 
exclude  the  action  of  the  cross -section,  although  precisely  the 
saine  resiilts  are  obtained  on  exciting  the  peripheral  tracts  of 
divided  nerves.  Moreover,  in  the  last  case  the  préparations  with 
divided  nerves  raay  be  left  for  several  hours  (Mommsen’s  process) 
in  0'6  ^ ISTaCl,  in  order  to  equalise  the  alterations  of  excitability 
caused  by  section. 

V.  Closing  and  Opening  Tetanus  through  Electrical 

Excitation 

1.  Conditions  of  Production  by  Excitation  of  Frofs  Nerve 

The  first  effect  of  commencing  desiccation  appears  in  the 
graphie  record  of  the  muscle -contraction,  as  a more  or  less 

* Allu.sion  to  a nerve  still  connected  with  its  centre  aiwaj's  implies  a préparation 
taken  from  a chloralised  frog,  consisting  of  tlie  isolated  vertébral  column  (after 
«lestroying  the  brain),  sciatic  nerve,  and  corresponding  gastroenemius  muscle,  on  the 
sarae  side. 
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considérable  augineiitatioii  iii  the  height  of  the  closure  twitches. 
At  a later  stage  the  closure  of  even  weak  currents  causes  tétanie 
shortening  of  the  muscle.  The  opening  twitch  then  appears  along 
with  the  closing  contraction.  Tlie  direction  in  which  tins  first 
occurs  dépends  less  npon  direction  of  current  than  npon  what 
point  of  the  tract  of  nerve  between  the  two  électrodes  is  sub- 
mitted  first,  and  in  a higher  degree,  to  the  influence  of  déhydration. 
If  the  électrodes  are  applied  to  an  undivided  nerve,  so  that  the 
sacral  plexus  falls  for  the  greater  part  within  the  région  of  the 
upjier  electrode,  the  opening  excitation  will  be  seen,  on  account 
of  the  slow  drying  of  this  the  thickest  iiortion  of  the  nerve,  to 
appear  first  with  ascending  direction  of  current  ; while,  if  the  élec- 
trodes are  placed  in  the  iniddle  of  the  nerve,  the  break  twitch  follows 
alinost  simultaneously  npon  the  strengthened  make  twitch,  with 
both  directions  of  current,  unless  one  or  the  other  part  of  the  nerve 
is  protected  from  loss  of  water  by  frequent  moistening  with  0'6  ^ 
NaCl.  If  the  excitation  is  limited  to  weak  currents,  the  closure 
lasting  only  so  long  as  to  produce  a visible  opening  excitation 
(a  few  seconds  is,  as  a rule,  sufficient),  there  will  regularly  be  a 
more  or  less  delayed  appearance  of  the  opening  twitch,  the 
magnitude  of  which  dépends  to  a high  degree  upou  the  duration 
of  closure  of  the  current.  If  this  is  very  brief,  the  break  twitch 
may  fail  altogether,  even  when  the  excitability  of  the  nerve  is 
considerably  increased,  while  a vigorous  twitch  never  fails  to 
appear  when  the  current  remains  closed  a little  longer.  It  is 
remarkable  that  the  form  of  the  curve  also  dépends  essentially 
npon  the  duration  of  current,  every  transition  existing  between 
a simple  muscular  contraction,  which  cannot  be  distinguished 
from  the  closure  twitch,  and  a long-sustained  tétanie  shortening 
(Eitter’s  opening  tetauus). 

That  this  opening  tetanus,  which  readily  appears  at  an 
advauced  stage  of  desiccation,  after  a brief  closure  of  weak 
currents,  must  be  regarded  as  homologous  with  the  opening 
twitch  of  eaiiier  stages,  inasmuch  as  both  are  due  to  the  same 
causes  (to  be  descril)ed  below),  is  évident  both  from  the  presence 
of  tlie  above-described  transitional  forms,  and  from  the  fact  that 
the  opening  tetanus  makes  tlie  same  retarded  entrance  as  the 
opening  twitch. 

Ifllüger  (2,  p.  75)  was  the  first  to  draw  attention  to  this 
significant  fact  in  relation  to  the  opening  twitch.  Ile  observed 
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repeatedly,  on  stiniulating  the  deeper  portions  of  tlie  sciatic  of 
Bana  csculenta  witli  weak  descending  cnrrents,  that  “ the  opening 
twitch  responded  to  the  moment  of  opening  the  descending 
carrent  at  a very  long  interval,  often  lasting  for  several  seconds.” 
Snch  a striking  delay  has  been  observed  by  Biedermann  in 
rare  cases  only,  and  never  on  nerves  in  which  excitability  had 
been  raised  by  loss  of  water  ; and  notwithstanding  the  compara- 
tively  sniall  number  of  experiments,  and  the  possibility  of  indi- 
vidual  variations,  it  is  impossible  not  to  suspect  that  rflüger 
had  before  him  in  these  cases  préparations  which  were  in  the 
first  stage  of  desiccation.  We  hâve  never  observed  the  pheno- 
mena  in  question,  save  when  the  excitability  of  the  nerve 
was  artificially  raised  above  the  normal  by  certain  influences  to 
be  described  below.  Eckhardt  (37),  e.rj.,  explained  the  excita- 
tory  manifestations  observed  with  the  action  of  neutral  salts  of 
alkalies  (more  especially  NaCl,  as  a solid,  or  in  strong  solutions), 
as  caused  by  abstraction  of  water — comparing  them  directly 
with  the  excitatory  phenomena  concomitant  with  the  drying  of 
the  nerve.  And  there  is  in  fact  a great  similarity  of  action  in 
both  cases — as  regards  alterations  of  excitability  in  general,  and 
also  the  appearance  and  character  of  the  opening  excitation. 

The  use  of  concentrated  solution  of  NaCl  is  so  far  advan- 
tageous  that  it  is  more  easy  to  localise  the  effect  to  a definite 
tract  of  nerve  therewith,  than  in  desiccation  ; but,  on  the  other 
haud,  there  is  the  objection  that  in  electrical  excitation  of  a nerve- 
section  treated  with  NaCl  the  tendency  to  tétanie  contraction  of 
the  muscle  is  far  more  pronounced  with  even  the  weakest  closure 
or  opening  stimuli  than  it  is  in  desiccation,  so  that  this  method 
nearly  always  results  in  opening  tetanus,  and  rarely  in  opening 
twitches. 

Silice  in  treating  a nerve  with  IsTaCl  in  its  entire  length  the 
closure  tetanus  (which  at  once  appears,  independently  of  direction 
of  carrent,  provided  that,  as  always,  weak  cnrrents  are  employée!) 
would  consideraVjly  interfère  with  the  récognition  of  excitatory 
phenomena  at  break  of  the  carrent,  it  is  well  to  confine  the 
action  of  tlie  NaCl  as  far  as  possible  to  the  région  of  the  anode. 

It  is  convenient  in  these  experiments  to  employ  the 
forin  of  unpolarisable  tube  electrode  first  described  by  Engel' 
manu  (38).  A little  pad  of  cotton  wool  soaked  in  saline 
is  then  placed  upon  one  of  the  électrodes,  so  that  a length 
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of  iiei've,  the  breadtli  of  tlie  glass  tube,  is  covered  by  it. 
It  is  advisable  to  liriiig  the  whole  préparation,  witli  tlie  électrodes, 
iiito  a moist  chainber,  to  preserve  the  free  end  of  the  nerve  froin 
drying  in  prolonged  experiments.  d'he  muscle  is  counected  with 
a writing-point  outside  tbe  cbamlier  by  ineans  of  a tbread  wound 
round  a cylinder,  by  which  tlie  clianges  of  form  are  recorded  on 
tbe  cylinder  of  a kyniograpli  rotatiug  at  varying  rapidity.  On 
exciting  witb  weak  currents  a plain  increase  of  eôect  froni 
closure  will  be  observed  after  a few  minutes,  if  tbe  current  leaves 
at  a part  of  the  nerve  treated  with  NaCl.  The  twitches,  how- 
ever,  soon  become  tétanie,  and  after  a short  time  there  is  a marked 


clescencliiig  closure  twitch  to  closure  tetauus. 

tetanus  (Fig.  188)  at  every  closure  of  the  current  in  the  direc- 
tion indicated,  which  at  first  disappears  again  completely  on 
opening  the  circuit,  but  is  persistent  at  later  stages  of  the  XaCl 
effect,  when  of  course  further  observations  are  impossible.  At  a 
time  when,  after  application  of  NaCl  to  the  electrode  proximal  to 
the  muscle,  a weak  descend  ing  current  already  discharges  a 
vigorous  closure  tetanus,  the  closure  of  the  saine  current  in  the 
opposite  direction  yields,  as  a riile,  only  a simple  twitch,  which 
cannot  in  time-relations  or  magnitude  be  distinguished  from 
the  closure  twitches  discharged  under  the  sanie  experimental  con- 
ditions by  local  application  of  NaCl.  This  fact  is  by  no  means 
without  interest,  since  it  shows  that,  as  regards  the  magnitude  <if 
final  resuit  from  the  excitation  of  any  point  of  the  nerve,  it  is  a 
matter  of  indifférence  whether  the  “ excitatory  wave  ” discharged 
passes  through  a tract  of  nerve  already  in  a condition  of  heightened 
excitability,  or  no. 

The  opening  of  weak  ascending  cnrrents  lias,  as  a riile,  no 
effect  after  local  application  of  NaCl  at  the  anode,  althougli  on 
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revei'siug  tlie  current  tlie  closure  produces  a vigorous  tetaiius. 
It  is  iiecessary  eitlier  to  streiigtlien  the  ascending  curreiit,  or  to 
proloiig  tlie  closure  iu  the  saine  proportion,  in  order  to  obtain 
effective  (usuallj"  tétanie)  opeiiing  excitation.  Neitlier  of  tliese 
is  recpiired  at  a later  stage  of  local  sait  treatinent.  The  muscle 
then  beconies  disturbed  very  quickly,  and  goes  into  the  faiiiiliar 
sait  tetauus,  which  inakes  further  experiment  impossible,  uiiless 
the  affected  part  of  the  nerve  is  washed  with  0'5  ^ NaCl  (after 
taking  away  the  pad),  wheii  it  returns  to  the  state  in  which  it 
shows  iiicreased  excitability  without  dischargiiig  any  spoiitaneous 
excitatory  phenomena. 

In  otlier  respects  the  character  of  the  opening  effects  after 
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Fig.  189. — Frog's  nerve-muscle  préparation.  Stimulation  in  the  inidclle  of  the  .strip  of  nerve. 
Ascending  current.  After  applying  a pad  of  cotton  wool  soaked  in  concentrated  NaCl  to  the 
anode  for  three  minutes,  opening  of  a weak  battery  current  produces  tetauus  after  a brief 
closure,  which  makes  a delayed  entrance  (II).  After  single  closure  of  a stronger  current,  the 
opening  twitch  (1)  appears  between  the  moment  of  opening  a current  of  equal  intensity  with 
the  former,  and  the  commencement  of  tetanus. 

treatment  with  NaCl  corresponds  almost  completely  with  the 
analogous  phenomena  described  above  for  drying  nerve  ; the  de- 
layed entrance  of  the  break  contraction,  and  its  dependence  iipon 
the  duration  of  closure,  being  in  most  cases  very  obvions  (Fig. 
189).  It  is  therefore  unnecessary  to  go  into  further  details  in 
respect  of  these  curves,  and  we  may  pass  on  to  the  interestiiig 
effects  of  treatment  with  very  dilute  alcohol. 

Mommsen  {supra)  showed  that  the  excitability  of  iiiotor 
nerves  was  considerably  increased  by  the  application  of  a weakly 
alcoholised  (1—2  vols.  ^)  NaCl  solution,  the  augmentatiou  only 
giving  way  after  proloiiged  treatment  to  diminution,  and  subsé- 
quent inexcitability.  Even  then  it  is  possible  to  restore  excita- 
bility by  washing  with  0‘6  % NaCl. 

When  the  sciatic  of  a frog’s  nerve-muscle  préparation  is 
treated  in  its  entire  length  with  alcoholic  saline,  and  excited  every 
minute  with  a weak  ascending  or  descendiiig  battery  current,  the 
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first  eHéct  is  invariably  a considérable  increase  in  heigbt  of  the 
closnre  twitclies,  witbout  actual  tetanus.  Alrnost  at  the  saine 
tiine  (usually  after  2—4  ininntes)  a twitch,  whicb  is  usnally 
delayed,  appears  witb  the  opening  of  tbe  current  also,  provided 
the  duration  of  closnre  is  not  too  brief  (Fig.  190). 

ïhe  duration  of  closnre  recpiired,  under  the  given  conditions, 
to  produce  an  excitation  on  opening  the  circuit,  dépends  of  course, 
apart  from  its  intensity,  upon  the  degree  of  alcohol  effect,  i.e. 
strength  of  solution  and  length  of  application.  The  rise  of  excita- 
bility  in  the  nerve  usually  occurs  fairly  soon,  when  it  is  treated 
with  not  excessively  weak  alcoholic  saline,  and  the  break  twitch 


Fig.  190. — Frog’s  iierve-niuscle  préparation.  Excitation  in  tlie  middle  of  the  strip  of  nerve. 
Ascending  direction  of  current.  After  the  nerve  lias  heen  bathed  for  thirty  seconds  in  alcohol- 
ised  saline  (10  vols.  %)  the  current  discharges  delayed  opening  twitches  (II)  along  with  the 
closnre  twitch,  precededjafter  long  treatment  with  alcohol  by  the  opening  twitch  (I),  which 
apiiears  (according  to  duration  of  closnre)  alone,  or  partially  or  wholly  fused  with  the  opening 
twitch  (II). 

also  appears  quickly,  even  with  weak  currents  and  brief  closnre. 
Here  again  it  inay  be  remarked  that  the  opening  of  ascending 
currents  excites,  as  a rule,  a little  sooner  than  descending  currents 
— which  is  110  doubt  related  to  the  appearance  of  the  so-called 
“ négative  modification  ” of  katelectrotonus  in  the  last  case. 

The  alcoholised  nerve  never  sets  up  spontaneous  tetanus,  and 
isolated  twitches  of  the  muscle  only  appear  occasionally  with 
strongly  alcoholised  saline — up  to  20  vols.  ^ (Mommsen) — so  that 
the  dependence  of  the  opening  excitation  upon  the  state  of  excita- 
bility  of  the  nerve,  as  well  as  upon  its  spécial  characteristics, 
niay  be  studied  bere  as  in  no  other  case — the  raised  excitability 
reniaining  for  a long  time  constant. 

Two  characteristics  of  the  break  excitation  as  it  appears 
with  artificially  raised  excitability  of  a nerve  in  conséquence  of 
weak  battery  currents  are,  as  we  bave  noted  (n),  the  more  or 
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less  pronouuced  but  always  perceptible  delay  in  the  eutrance  of 
tbe  twitch;  (h)  the  dependence  of  the  magnitude  and  forin  of 
the  curve  of  the  twitch  upon  duration  of  closure.  Both  are 
clearly  seen  in  the  graphie  tracing  of  the  opeuing  twitch,  as 
discharged  witli  weak  curreuts  from  the  alcoholised  nerve. 

The  extent  of  the  delay  varies  within  a considérable  range. 
At  tiines  it  is  hardly  perceptible  ; in  other  cases  the  shortening 
of  the  muscle  is  much  retarded.  The  determiuing  factors 
are  here  duration  and  intensity  of  current — the  “ latent  period  ” 
being  usually  reduced  as  these  increase. 

The  “ latent  period  of  the  opening  excitation  ” is  also 
affected,  in  alcoholised  nerve,  by  the  degree  of  increase  of 


Fig.  191. — Alcohol  treatment  of  nerve.  Metliod  of  experiment  as  in  Fig.  190.  Effect  of  duration 
of  closure  upon  lieiglit  of  break  twitch  (II).  Break  twitch  (I)  appears  quite  iudependent  of 
the  saine. 

excitability,  so  that  it  usually  appears  much  greater  at  the 
beginniug  of  a sériés  of  experiments  than  during  their  course,  even 
if  in  this  case  the  influence  of  the  single  stiniuli  following  at  short 
pauses  (with  constant  duration  of  closure)  is  of  more  importance. 
As  Pflüger  pointed  out,  “ the  phenomenon  (of  delay)  alters  after 
repeated  closures,  since  the  break  twitch  follows  more  and 
more  closely  upon  opening,  until  finally  no  perceptible  interval 
remains.” 

A glance  at  the  opening  twitches  niarked  II  in  Fig.  191 
shows  the  striking  dependence  of  the  lireak  excitation  upon 
duration  of  exciting  current  under  the  given  conditions 
of  experiment — comparatively  slight  modifications  of  current 
suflicing,  on  the  one  hand,  to  suppress  the  twitches  altogether, 
on  the  other  to  discharge  maximal  contractions.  So  far  the  effect 
of  electrical  stimulation  upon  alcoholised  nerve,  and  upon  nerves 
of  which  the  excitability  bas  been  heightened  by  partial  loss  of 
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water,  or  treatiiieiit  witli  NaCl,  correspond  alinost  exactly.  Yet 
the  main  features  of  the  curve  of  contraction  (Fig.  192,  II)  diffcr 
— albeit  inessentially.  In  the  drying  nerve  tlie  discliarge  of 
simple  opening  twitches  (at  a certain  stage  wliicli  immediately 
précédés  the  appearance  of  spontaneous  excitatory  effects)  fails 
even  witb  very  weak  currents,  so  tirât  there  is  only  tétanie 
contraction  of  the  muscle  {Ritters  0])cning  tetanus)  as  appears  in 
an  even  higlier  degree  in  nerves  treated  with  rSTaCl  ; the  alcohol- 
ised  nerve,  on  the  other  hand,  requires  a tolerably  protracted 
passage  of  current,  along  with  moderate  intensity  of  stimulation, 
to  produce  a definite  opening  tetanus.  At  most  there  will  only 
be  extended  twitches  — even  with  prolonged  closure, — which 
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Fig.  192. — Frog’s  iierve-niuscle  préparation.  AsceiuUng  direction  of  current,  otherwise  tlie  saine 
experimental  conditions  as  in  the  préviens  Figs.  Effect  of  commencing  desiccation  on  the 
resuit  of  breaking  a battery  cuiTent  of  medium  strength.  The  opening  twitch  (I)  appears 
as  the  initial  phase  of  the  delayed  opening  tetanus  (II). 

inust  be  regarded  as  transitional  forms  between  the  simple  opening 
twitch  and  persistent  tétanie  shortening  of  the  muscle. 

Tins  agréés  with  the  fact  that  the  appearance  of  closure 
tetanus  in  weak  electrical  excitation  of  alcoholised  nerve  must 
be  regarded  as  exceptional,  although  the  curves  of  both  closing 
and  opening  twitches  are  distinguished  by  their  rounded  tops 
frorn  such  as  are  obtained  on  exciting  normal  nerve  by 
instantaneous  stimuli  (single  induction  shocks),  or  by  the  closure 
of  a battery  current. 

These  experiments  show  conclusively  that  while  in  normal, 
irninjured  nerve  it  is  never  possible  to  obtain  an  opening 
excitation  from  weak  currents,  tins  may  resuit  wheu  excitability 
is  artificially  raised  : thus  seeming  to  justify  the  view  that  the 
appearance  of  the  break  twitch  on  applying  a cross-section  to  the 
nerve  is  due  to  the  conséquent  rise  of  excitability. 

Yet  (in  addition  to  the  objections  already  cited)  the  bare 
comparison  of  the  opening  effects  of  excitation  in  the  two  cases 
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proves,  not  merely  that  tbere  is  no  correspoiidence  of  fundainental 
characteristics  (as  would  necessarily  occur  ü'  tlie  sanie  canse 
nnderlay  the  opening  excitation  in  botli  instances),  bnt  tbat 
— as  becomes  more  and  more  évident  on  investigating  tbe 
pbenomena — tbere  are  bere  two  perfectly  different  effects  of 
current,  distinct  not  merely  in  regard  to  appearance,  but  also  in 
tbeir  mode  of  expression  in  tlie  muscle. 

Tbe  cbaracteristics  of  tbe  opening  twitcb  discbarged  by  tbe 
action  of  weak  currents,  upon  nerves  of  wbicb  tbe  excitability 
is  considerably  beigbtened,  are,  in  first  degree  (according  to 
tbe  above  experiments),  its  delayed  entrance,  as  also  its  dependence 
upon  duration  of  closure  ; and  tbese  distinguisb  it  fundamentally 
froni  tbe  opening  twitcbes  wbicb  appear  (under  otberwise  uniform 
conditions  of  experiment)  at  tbe  transverse  section  of  an  otberwise 
normal  nerve.  In  tbe  curve  of  tbe  latter  tbere  is  never,  unless 
finer  metbods  of  time-measurement  are  resorted  to,  any  perceptible 
interval  between  tbe  moment  of  opening  tbe  current  and  tbe 
commencement  of  muscular  contraction  ; tbe  curve  is  also  mucb 
steeper,  and  invariably  exbibits  a pointed  apex,  wbile  it  never 
reacbes  tbe  beigbt  of  tbe  opening  twitcbes  discbarged  in  consé- 
quence of  artificially  raised  excitability  in  tbe  nerve.  It  is, 
bowever,  remarkable  tbat  tbe  duration  of  tbe  exciting  current 
affects  tbe  magnitude  only  witbin  a very  narrow  range,  and  in 
no  case  tbe  cliaracter,  of  tbe  opening  twitcbes  from  tbe  transverse 
section  ; for  tbe  curve  of  tbe  latter  never  acqnires  a more  extended 
form,  or  becomes  tétanie,  even  wben  a tolerably  strong  current 
traverses  tbe  eut  end  of  a nerve  protected  from  évaporation  for 
a considérable  tiine,  in  tbe  descending  direction.  Tbese  facts 
alone  would  justify  tbe  assurnption  of  a double  opening  excitation, 
distinct  in  origiu  and  in  mode  of  manifestation  ; tbere  are,  bow- 
ever, furtber  and  still  more  conviucing  proofs. 

In  tbe  first  place,  tbe  uninjured  nerve  niay,  under  certain 
conditions,  witb  even  weak  currents,  exbibit  opening  twitcbes  of 
precisely  tbe  saine  cliaracter  as  tbose  deriving  from  tbe  transverse 
section — independent  of  action  from  any  incision.  Here,  bow- 
ever, it  is  not  so  mucb  a raised  as  a considerably  diminisbed 
excitability  of  tbe  nerve  wbicb  seenis  to  favour  tbeir  appearance. 

If  tbe  sciatic  nerve  of  a frog  is  treated,  as  described,  witb  a 
rnoderately  strong  solution  of  alcobolic  saline  (about  10  vols.  %), 
and  excited  once  a minute  by  an  ascending  or  descending  battery 
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current  of  low  intensity  (tlie  ascendiiig  direction  is,  on  tlie  whole, 
to  be  reconiinended,  becanse  tlie  anodic  effect  is  there  developed 
witbout  interférence) — there  will  soon  be  seeu  along  witli  the 
retarded  opening  twitcb,  wliich  is  alone  visible  at  lîrst,  a second, 
whicli  commences  at  the  moment  of  breakiurf  the  circuit,  lilliim 
iip  the  interval  before  the  delayed  muscle  twitch  begins,  and  thus 
being  in  some  sort  introductory  to  it  (Figs.  190,  191, 1).  Whether 
tins  effect  appears  as  a perfectly  distinct  twitch,  the  muscle  relaxing 
again  completely  before  the  retarded  twitch  (opening  twitch  II) 
begins,  or  whether  it  fuses  with  the  latter  partially  or  completely, 
dépends  of  course  upon  the  time  that  elapses  between  the  moment 
of  opening  and  the  commencement  of  break  twitch  II,  and  thus 
upon  the  duration  of  the  current  also. 

The  excitability  of  the  uerve  sinks  gradually  as  the  alcohol 


Fig.  193. — Eud  of  sériés,  Fig.  191.  Decrease  of  break  twitch  II  to  zéro,  witli  persistence  (and  sub- 
séquent increase)  of  break  twitcli  I . 

treatment  takes  effect,  the  height  of  the  closure  twitch,  as  well  as 
of  the  opening  twitch  II,  being  proportionately  diminished,  and 
it  is  reniarkable  that  the  first  opening  twitch  (break  twitch  I) 
reaches  its  greatest  height  when  the  excitability  is  already  much 
diminished.  The  second  opening  twitch  fails  altogether  at  a 
somewhat  later  period,  and  does  not  reappear  even  with  pro- 
longed  passage  of  current  ; break  twitch  I,  however,  jiersists 
along  with  the  reduced  closure  twitch,  with  which  it  is  for  the 
most  part  equal,  if  it  does  not  exceed  it  (Fig.  193).  If  the  whole 
préparation  is  freely  moistened  at  tins  time  with  a 0’6  ^ solution 
of  NaCl,  it  is  easy  to  restore  the  normal  relations  of  excitability 
in  the  iierve,  so  that  a closure  twitch  is  tlie  only  effect  of  excita- 
tion at  any  point,  with  moderately  strong  ascending  or  descending 
currents.  Upon  renewed  application  of  dilute  alcohol  the  former 
sériés  of  effects  inay  be  repeated  a second  and  sonietimes  even  a 
third  time. 

The  treatment  of  a nerve  with  alcoholic  saline  bas  the  advan- 
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tage  of  enabling  us — without  otlierwise  altering  tlie  experimental 
conditions — to  follow  exactly,  on  one  préparation,  tlie  nature  and 
course  of  the  graduai  changes  developed  at  break  of  the  current 
during  the  Chemical  action.  We  thus  learn  directly  that  the  two 
forins  of  twitch  inay  exist  simultaneously,  and  must,  therefore,  be 
regarded  as  distinct  effects  of  current.  Tins  cannot  be  deterinined 
with  equal  certainty  from  the  opening  effects  of  excitation  in 
drying  or  in  “ sait  ” nerves,  since  the  prompt  appearance  of  spon- 
taueous  tetanus  prevents  any  prolonged  observations  ; nor  would 
those  cases  be  décisive  in  which  break  twitch  I alone  makes  its 
appearance,  since  the  initial  increase  of  excitability  is  either  want- 
ing  altogether,  or  finds  insufficient  expression. 

Eanke  (39)  states  that  “the  excitability  of  the  nerve  is  in 
the  first  instance  raised  by  the  action  of  potash  salts.  It  is  only 
later,  and  wdth  very  strong  potash,  that  excitability  is  depressed, 
and  tire  nerve  dies.”  He  reckons  neutral  salts  of  potash  among 
the  “ fatigue  products  ” of  the  nerve,  giving  as  characteristic  of 
“ nerve  fatigue  ” that  “ it  jiresents  two  different  stages  : the 
primary  stage  is  a heightening,  the  secondary  a dépréssion  of 
excitability,”  passing  finally  into  the  death  of  the  nerve.  The 
order  of  alterations  of  excitability  in  the  different  stages  of 
potash  effect  is  therefore  the  saine  as  in  treatment  with  alcohol- 
ised  saline  ; and  a similar  reaction  towards  weak  opening  stimuli 
might  be  expected.  Experimentally,  however,  these  anticipations 
are  only  partially  realised. 

If  the  nerve  of  a nerve-muscle  préparation,  separated  from 
the  central  organ,  is  thoroughly  bathed  in  a very  dilute  solution 
(1  %)  of  KNOg,  a highly  characteristic  alteration  in  the  reaction 
from  the  muscle  to  excitation  of  the  nerve  by  weak  battery 
currents  will  shortly  (5—10  minutes)  be  observed.  Au  opening 
twitch  (of  the  character  of  break  twitch  I)  now  appears  not 
merely,  as  before,  with  the  descending  direction  of  current  only, 
so  soon  as  the  anode  is  applied  to  the  cross -section — but  is 
discharged,  independently  of  position  and  distance  of  électrodes, 
with  both  descending  and  ascending  direction  of  exciting 
current,  without  any  apparent  increase  of  response  to  closure 
stimuli.  In  most  cases  indeed  the  height  of  the  closure  twitches 
is  less  than  at  the  beginning  of  the  potash  treatment.  The  samc 
results  appear  with  undivided  nerves,  still  in  connection  witli  the 
spinal  cord,  and  treated  with  1 ^ solution  (Fig.  194). 
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If  different  points  of  tlie  nerve  are  excited  froin  time  to 
tiine  witii  constant  distance  of  électrodes  (about  1-2  cm.)  by  weak 
currents,  it  is  usuallyfound  tliat  the  opening  stimulus  acts  sooner 
in  the  part  of  tlie  nerve  corresponding  with  the  plexus,  tlian  in 
deeper  parts.  It  is  évident  tbat  the  saline  will  take  effect  more 
quickly  at  points  where  the  bulk  of  fibres  in  the  nerve  are  still 
distributed  into  single  bundles,  than  at  a lower  part  where  they 
are  joined  into  a single  trunk,  and  tins — along  with  the  g^eater 
sensibility  of  central  tracts  of  the  nerve  to  injuries  (Efron,  Clara 
Halperson) — explains  tlie  above  reaction.  If  only  the  part  of 
the  nerve  below  the  plexus  is  treated  with  near  the  lower 

point  of  bifurcation,  by  placing  it  between  two  pads  soaked  in 
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Fig.  194. — Frog’s  nerve-miiscle  préparation.  A weak  ascendiiig  or  descemling  current  only  dis- 
charges a closure  twitch  (h)  with  any  position  of  électrodes.  After  5 min.  bath  of  1 % KNO3, 
the  excitability  of  the  nerve  is  lowered.  The  saine  cnrrent  now  discharges  opening  twitches  of 
equal  height  with  the  closnre  twitches  (c,  d)  froin  ail  points  of  the  altered  tractîof  nerve.  After 
washing  with  physiological  saline  (15  min.)  the  opening  twitch  disappears  again  (g,  h). 


saline,  the  sanie  strength  of  current  will  produce  iiniform  break 
twitches  at  ail  points  of  that  part  of  the  nerve.  But  if  in  such 
a préparation  the  électrodes  are  laid  closely  together  upon  the 
plexus,  there  will  either  be  a closure  twitch  alone,  with  both 
directions  of  current,  if  the  connection  with  the  spinal  cord  is 
still  intact,  or  else,  from  the  proximity  of  the  cross-section,  there 
will  be  closing  and  opening  twitches,  with  descending  direction 
of  current. 

If  the  action  of  the  potash  saltpetre  does  not  affect  the 
immédiate  proximity  of  the  muscle,  but  is  arrested  at  about  2 cm. 
off  it,  it  may  be  demonstrated  that  by  gradually  shifting  the 
électrodes  at  uniform  distance  (1  cm.)  from  the  centre  to  the 
periphery,  the  break  twitch  becomes  less  and  less  as  the  normal 
portion  of  the  nerve  is  approached,  and  an  increasing  part  of  it 
included  under  tlie  anode — and  finally  disapiiears  altogether — 
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while  tlie  lieiiïht  of  tlie  closure  twitch  is  unaltered,  ur  even 
iucreases  pevceptibly.  The  same  occurs  witli  desceudiiig  currents, 
oiily  in  this  case  tlie  électrodes  niust  be  lirouglit  nearer  tlie 
muscle  in  order  to  abolisli  the  opening  twitch,  since  liere  tlie 
katliode  tirst,  and  only  later  the  anode,  falls  within  the  normal 
région.  The  height  of  the  closure  twitch  then  iucreases  cou- 
spicuoiisly,  showiug  once  more  that  excitability  to  closure  stiniuli 
is  more  vigorous  at  normal  points  of  the  nerve  than  at  those 
which  are  altered  by  the  action  of  the  potash — although  opening 
twitches  are  iiot  discharged  in  the  normal  nerve,  and  never  fail  to 
appear  in  the  other. 

If,  at  a not  too  advanced  stage  of  action,  the  nerve — 

while  giving  approxiniately  equal  niake  and  break  twitches  at  ail 
points  when  excited  with  weak  constant  currents — is  nioistened 
sufficiently  with  0'6  ^ ISlaCl,  it  soon  appears  that  while  the 
niake  twitches  are  at  first  unaltered,  the  height  of  the  break 
twitches  decreases  more  and  more  the  longer  the  bath  is  con- 
tinued.  Finally,  after  10—15  minutes,  they  disappear  altogether, 
with  uniform  or  even  iiiucli  stronger  currents,  leaving  the  closure 
twitch,  as  at  the  beginning  of  the  experinient,  the  sole  effect  of 
excitation  in  either  direction  (Fig.  194,  g,  h). 

It  was  stated  above  that  the  break  twitches  discharged  by 
weak  currents  in  consecpience  of  potash  treatment  are  identical 
in  character  with  those  observed  under  the  action  of  alcohol  to 
précédé  the  delayed  break  twitch  II,  which  at  first  makes  a 
solitary  appearance.  Twitches  analogous  to  these  latter  are 
altogether  wanting  in  “ potash  nerves.” 

It  is  a priori  not  improbable  that  treatment  of  a more 
restricted  area  with  niiglit  locally  induce  the  conditions 

favourable  to  the  appearance  of  “ priniary  opening  twitches  ” 
(break  twitch  I),  thus  enabling  weak  asceuding  or  descending 
currents,  with  given  position  of  électrodes,  to  produce  an  effective 
opening  excitation. 

If  the  same  niethod  be  employed  as  in  the  above-described 
local  treatment  of  nerve  with  concentrated  saline,  currents  of  low 
intensity  being  used  for  excitation,  a different  reaction  follows 
in  the  nerve  according  as  (after  applying  a pad  of  cotton-wool 
soaked  in  1 ^ to  one  or  the  other  electrode)  the  solation 

of  potash  acts  upon  the  electrode  proximal  to  the  muscle  or  to 
the  centre.  In  both  cases  the  size  of  the  niake  twitch  durinn 
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tlie  Hrst  niiiintes  reniuins  unaltered,  as  caii  easily  Ije  seen  from 
its  graphie  record.  Later  on,  there  is  nearly  alvvays  a différence 
in  tlie  heiglit  of  the  niake  twitcli,  according  as  the  cnrrent  is 
ascending  or  descending,  and  always  in  favonr  of  that  direction 
of  cnrrent  with  wliich  the  kathode  is  at  the  normal  point  of 
the  nerve.  Soinetimes,  however,  after  local  treatment . of  the 
nerve  for  ten  minutes  or  more  with  a 1 ^ solution  of  KNO^, 
the  excitability  to  closure  stimuli  of  the  point  affected  is  hardly 
diminished  perceptibly.  On  the  other  hand,  there  is  invariably 
during  tins  period  a much  increased  snsceptibility  in  the  part  of 
the  nerve  treated  with  KNO^  to  opening  stimuli,  however  weak, 
whether  the  nerve  be  separated  from  the  centi’al  organ  or  still 
connected  with  it. 

According  as  the  cotton-wool  pad  on  the  electrode  is  proximal 
or  distal  to  the  muscle,  the  opening  twitch  appears,  with  either 
ascending  or  descending  direction  of  current,  in  addition  to  the 
already  existing  closure  twitch,  and  usually  reaches  the  saine 
magnitude. 

Obviously  these  local  alterations  of  excitability  in  nerve  te 
opening  stimuli  also,  may  be  neutralised  by  washing  ont  with 
0'6  ^ saline. 

“ Primary  opening  twitclies  ” do  not  appear  merely  in  con- 
séquence of  certain  artificial,  Chemical  alterations  in  the  sub- 
stance of  the  nerve,  which  may  imply  a considérable  dépréssion 
of  excitability,  and  are  notably  produced  by  the  action  of  potas- 
sium salts  : the  same  alterations  are  apparently  brought  about 
by  the  electrical  current,  at  its  points  of  entrance  into  the  nerve. 

The  dictum  that  electrical  excitation  of  normal  and  un- 
injured  nerve  gives  rise  to  closure  twitclies  alone,  independeiit 
of  direction  of  current,  applies,  as  we  bave  said,  in  general  to 
weak  and  medium  currents  only.  Biedermanu  lias  almost  with- 
out  exception  obtained  effective  break  exeitation  with  a Daniell 
cell,  after  introdiicing  résistance  from  a du  Bois’  rheochord,  botli 
before  and  after  séparation  from  the  central  organ  (in  the  latter 
case  at  a point  of  nerve  sufficiently  reinoved  from  the  cross- 
section). 

Then,  however,  we  are  met  by  the  remarkable  fact  that 
imniediately  after  the  expiration  of  an  opening  twitch  dis- 
charged  by  a strong  current,  the  fall  of  other  weaker  currents, 
that  had  previously  acted  at  closure  only,  will  produce  excita- 
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tioii,  and  that  in  alniost  tlie  sanie  degree  as  the  opening  of  the 
strong  cnrrent.  ïhis  effect,  liowever,  soon  diininishes,  and  dis- 
appears  coinpletely  after  a few  minutes  if  the  nerve  is  sufficiently 
visïorous.  With  otherwise  unifonn  conditions  this  characteristic 
after-effect  is  the  more  persistent,  in  proportion  with  the  previous 
passage  of  the  strong  cnrrent,  and  defective  vitality  in  the  nerve. 

Any  point  along  the  nerve  may  thus  (as  in  local  treatment 
with  potash)  be  rendered  sensible  to  weak  and,  under  normal 
conditions,  non-effective  opening  stimuli,  by  making  it  for  a short 
time  the  entrance  point  of  a stronger  constant  cnrrent.  And  as 
in  the  préviens  case  the  raised  disposition  to  the  opening  excita- 
tion may  be  neutralised  by  washing  off  the  toxic  substance  with 
an  indifferent  flnid,  so  in  the  excised  nerve  the  continuons  process 
of  restitution  suffices  to  neutralise  the  anodic  alterations  pro- 
duced  by  the  cnrrent,  and  to  restore  the  normal  insensibility  to 
opening  stimuli. 

ïhe  break  excitation  which  may  be  discharged  at  the  anodic 
points  of  the  nerves  after  brief  closure  of  a stronger  current,  by 
currents  of  lower  intensity,  is  always  expressed,  as  we  hâve  seen, 
in  twitches  of  the  muscle,  which  correspond  throughout  with 
those  that  appear  on  treatment  with  potash  salts,  or  in  the 
immédiate  proximity  of  a fresh  trans verse  section.  This,  apart 
from  the  absence  of  any  perceptible  interval  between  the  break 
of  the  current  and  the  beginning  of  contraction,  is  more  par- 
ticularly  expressed  in  the  uniformity  between  the  curves  of  the 
two  twitches,  and  in  the  slight  effect  of  intensity  and  duration  of 
exciting  current  upon  the  magnitude  of  the  twitches. 

A further  proof  of  the  correspondence  between  the  break 
twitches  discharged  after  treating  a nerve  with  potassium  salts 
(these  again  being  identical  with  the  “ primary  opening  twitches  ” 
of  the  alcohol  effect),  and  those  discharged  by  strong  currents 
in  normal,  uninjured  nerve,  appears  in  the  fact  that  the  latter 
are  discharged  simultaneously  with  “ secondary  ” delayed  opening 
twitches  (break  twitch  II)  in  the  sanie  préparation.  Since 
Pdtter’s  tetanus  is  équivalent  with  break  twitch  II  (siqjva),  and 
since  this  is  sonietimes  delayed  (as  pointed  ont  by  Wundt),  the 
effect  of  the  opening  excitation  in  such  cases  either  consists  in 
a coinpletely  or  incompletely  separated  double  twitch,  or  else 
lireak  twitch  I is  introductory  to  Eitter’s  tetanus  (Figs.  189, 
192). 
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The  curves  iu  question  were  obtained  by  closing  a strong 
cuvrent  for  some  seconds  (after  heiglitening  the  excitability  of 
tbe  nerve  in  a marked  degree  by  abstraction  of  water,  treatment 
witb  saline,  or  alcohol,  wbich  set  up  a tendency  to  secondary 
opening  excitation),  to  prédisposé  tbe  anodic  points  of  fibres 
for  tbe  discbarge  of  priniary  opening  twitches  (by  currents  of 
lower  intensity).  So  long  as  the  after-effect  of  tbe  single  closure 
of  a strong  current  persists,  the  double  excitatory  action  may  be 
seen  witb  tbe  opening  of  tbe  weaker  currents,  being  indeed  very 
distinct,  while  witb  stronger  currents  tbe  two  twitches  readily 
fuse  into  one,  on  account  of  the  shortened  “ latent  - period  ” 
of  break  twitch  II — as  is  also  the  case  in  Eitter’s  tetanus. 
This  last  fact  explains  how  it  bas  been  possible  till  now  to  over- 
look  the  existence  of  two  quite  distinct  opening  effects  of  current. 

We  are  here  met  by  the  further  question,  wbether  the  two 
effects  of  the  break  excitation  (as  disclosed  under  certain  experi- 
mental conditions)  may,  notwitb  standing  their  dissimilarity,  be 
referred  to  a common  origin  ; or  if  not,  from  what  cause  they  are 
derived. 

As  regards  the  first  point,  a fair  and  unprejudiced  con- 
sidération of  the  facts  ought  to  convince  us  of  the  im- 
probability  of  a single  origin  for  excitatory  effects,  as  unlike  in 
conditions  of  appearance  and  general  characteristics  as  the  break 
twitches  I and  II.  While  the  appearance  of  the  latter  seems 
to  imply  a considérable  rise  of  excitability  in  the  nerve,  the 
former,  on  the  contrary,  enters  witb  depressed  excitability  ; and 
while  with  weaker  currents  there  is,  as  a rule,  delayed  entrance  of 
break  twitch  II  and  of  the  équivalent  Eitter’s  tetanus  (dependence 
upon  duration  of  current  being  also  very  évident),  there  is  never 
any  perceptible  interval  between  the  moment  of  opening  and  the 
appearance  of  break  twitch  I ; moreover,  when  the  conditions  of 
its  entrance  are  once  présent,  the  latter  is  almost  independent  of 
the  duration  and  intensity  of  the  exciting  current. 

The  undoubted  équivalence  of  break  twitch  II  and  Eittei’’s 
tetanus  points  to  a common  origin.  Eflüger,  who  regarded 
every  opening  twitch  as  a conséquence  of  excitation  of  the  nerve, 
by  the  disappearance  of  anelectrotonus,  gave  the  saine  explana- 
tion  of  Eitter’s  tetanus,  and  actually  denionstrated,  by  the  well- 
known  experinient  of  cutting  off  a previously  anelectrotonised 
portion  of  the  nerve,  that  the  opening  tetanus  originates  at  that 
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part.  Accordiiig  to  Engelmami  (4,  p.  411),  liowever,  it  arises 
here  froin  pre-existing  spoutaneous  stimuli,  wliicli  were  at  first 
inadéquate,  and  now  beconie  effective  froin  the  positive  modifica- 
tion in  excitability  at  the  previously  anelectrotonic  tract  of  the 
nerve,  on  opening  the  current — thus  producing  a change  of 
forni  in  the  muscle.  Eugelmann  makes  spécial  référencé  to 
the  fact  (as  is  easily  confirmed)  that  “ a simple  twitch, 
which  caunot  he  distinguislied  from  the  closure  twitch,  or  the 
twitch  from  a single  induction -sliock,  appears  in  fresh  nerve- 
muscle  préparations  of  normal  frogs  (when  preserved  from 
évaporation)  on  hreaking  the  current.”  “ On  the  other  hand,  the 
opening  tetanus  (as  also  the  analogous  closure  tetanus)  makes  its 
appearance  with  the  greatest  regularity  in  cooled  préparations,” 
the  nerves  of  which  are  characterised  by  peculiar  excitability — 
referred  hy  Engelmann  to  the  presence  of  internai  stimuli,  that 
are  often  so  powerful  as  to  induce  spoutaneous  twitches,  or  even 
tetanus,  when  every  précaution  is  taken  against  évaporation. 
Further  support  of  Engelmann’s  views,  as  to  the  nature  of 
Piitter’s  tetanus,  is  found  in  an  experiment  of  Grünhagen  (40), 
which  shows  that  “ weak  tetanising  excitation  that  produced  no 
visible  effect  hefore  the  closure  of  the  polarising  current,  calls 
out  an  unmistakable  tetanus  when  the  latter  is  opened,  lasting 
the  longer  in  proportion  with  the  strength  of  the  polarising 
current  and  susceptihility  of  the  nerve.”  Grünhagen  hence 
deduces  the  following  proposition  : “ The  raised  excitability  of 
the  nerve  at  the  previously  anelectrotonised  région,  summating 
with  the  increased  disin tegration  stimuli,  normal  to  the  nerve, 
results  in  the  opening  tetanus  of  constant  currents.  These 
Chemical  stimuli  may  be  counterfeited  by  a suh-liminal  tetanis- 
ing excitation.” 

We  should  thus  expect  the  secondary  opening  twitch  only 
when  the  nerve  is,  so  to  speak,  in  a State  of  latent  excitation. 
And  the  above  facts  relating  to  the  appearance  of  break  twitch  TI 
are  in  complété  agreenient  with  this  anticipation.  For  with  loss 
i of  water  from  évaporation,  or  in  treatment  with  concentrated 
saline,  the  nerve  falls  directly  into  that  state  of  excitation  which, 
though  at  first  too  weak  to  express  itself  in  twitches  of  the 
muscle,  appears  later  on  as  a vigorous  tetanus.  Just  at  the 
moment  at  wliich  the  excitation  is  latent,  break  twitch  II,  or 
I llitter’s  tetanus,  may  be  produced  even  by  weak  currents.  The 
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liiglily  favourable  action  of  dilute  alcoliol  to  tlie  appearance  of 
break  twitch  II  must  surely  bear  a siiuilar  interprétation, 
althongli  Eckhardt  and  Kühne  limited  its  excitatory  action  to  ' 
80  Mommsen,  however,  bas  not  infrequently  observed 

twitches  of  the  muscle  on  treating  the  nerve  with  comparatively 
dilute  alcoholic  saline  (20  vol.  ^),  and  the  saine  is  confirmed 
by  Biedermann’s  observations. 

The  statement  that  the  discharge  of  break  twitch  II,  as  well 
as  the  appearance  of  Ilitter’s  tetanus,  is  associated  with  the 
presence  of  latent  excitation  in  the  nerve,  finds  striking  con- 
firmation in  the  fact  that  break  twitch  II,  with  ail  its  character- 
istic  properties  as  above  described,  may  be  elicited  in  nerves 
which  hâve  been  thrown  by  weak  tétanisation  into  a State  of 
latent  excitation  (Grünhagen’s  process). 

To  tins  end  it  is  only  necessary  to  tétanisé  the  central 
end  of  a sciatic  nerve,  divided  from  the  spinal  cord,  or  still  con- 
nected  with  it,  at  a distance  of  coil  which  is  only  just  able  to 
excite.  If  a lower  point  of  the  nerve  is  simultaneously  excited 
with  weak  descending  constant  currents,  opening  twitches  will 
not  fail  to  appear  at  a moderate  duration  of  closure  ; and  these 
twitches  are,  in  every  respect,  équivalent  to  break  twitch  II, 
silice,  like  the  latter,  they  make  a delayed  entrance,  and  are  in  a 
marked  degree  dépendent  on  duration  of  closure.  If  current 
intensity  is  strengthened,  the  break  twitches  become  more  ex- 
tended,  and  finally  pass  into  tetanus,  which,  like  the  twitches,  is 
delayed  in  its  entrance.  The  identity  of  this  opening  efîect  with 
that  described  above  as  secondary  is  indisputable,  seeing  that 
here  too  the  opening  of  weak  currents  is  followed  by  a double 
effect,  if  the  disposition  to  priniary  opening  twitches  is  previously 
induced  by  brief  closure  of  a stronger  current.  This  effect  either 
consiste  in  double  twitches,  or  else  break  twitch  I appears  as 
introductory  to  Ilitter’s  tetanus. 

If  the  nerves  are  excited  during  weak  and  intrinsically  in- 
effective tétanisation  by  an  ascending  constant  current,  there 
will,  in  proportion  with  the  intensity  of  the  latter,  be  either  a 
reinforcement  of  the  closure  twitch  or  closure  tetanus,  never,  how- 
ever, an  opening  excitation.  ! 

The  application  of  a fairly  strong  Chemical  excitant  lias  | 

siibstantially  the  saine  effect  as  weak  tétanisation  above  the 
point  of  nerve  excited  by  the  constant  current.  fîlycerin  is 
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especially  appropriate.  in  iavourable  cases  a weak  dcscendiug 
current  discharges  break  twitch  II  shortly  before  tbe  explosion 
into  tetanus.  A similar  experiment  was  inade  by  Grünhagen 
(36).  But  if  tbis  proves  that  break  twitch  II  and  Eitter’s 
tetanus  (as  well  as  tbe  closnre  tetanus)  are  in  inany  cases  due,  not, 
as  l’flüger  thought,  to  disappearance  of  anelectrotonus  (or  entrance 
of  katelectrotonus),  but  to  latent  stimuli,  wliicli,  in  themselves 
inadéquate  to  excite  the  muscle,  first  become  effective  when  the 
excitability  of  the  nerve  is  raised  after  the  disappearance  of 
anelectrotonus  (or  during  an  existing  katelectrotonus) — it  must  be 
admitted  that  in  inany  cases  an  adéquate  opening  excitation  of 
the  saine  character  appears  without  any  previous  State  of  latent 
excitation  (cooled  nerves).  Nor  is  this  surprising  in  view  of  the 
relations  between  rise  of  excitability  and  excitation,  as  described 
above.  On  the  other  hand,  the  nature  of  break  twitch  I is  still 
unexplained,  althougli  the  conditions  of  its  appearance  are  known 
more  precisely  than  before. 

Arguing  froiii  experiments  in  which  break  twitch  I appears 
immediately  after  making  a (mechanical,  Chemical,  or  thermal) 
cross-section  in  the  close  proximity  of  the  anode,  it  follows  that 
the  démarcation  current  developed  by  this  injury  must  be  in 
causal  connection  with  the  appearance  of  break  twitch  I.  Yet 
this  cannot  be  in  the  sense  that  the  raised  excitability  in  the 
vicinity  of  the  cross-section  (the  cause  of  which  will  be  discussed 
below)  renders  weak  opening  stimuli  effective  ; for  this  hypothesis 
seems  to  be  sufhciently  contradicted  by  the  foregoing  data.  Grün- 
hagen’s  view  that  the  appearance  of  the  make  twitch,  when  a 
fresh  section  is  applied  to  the  nerve  near  the  anode,  is  to  be 
regarded  primarily  as  a “ product  of  summation  ” (“  ou  the  one 
hand,  of  the  intrinsically  inadéquate  excitation,  conséquent  on  the 
opening  of  the  descending  current,”  i.c.  the  anodic  stimulus  ; “ on 
the  other,  of  the  continuons,  weak,  mechanical  stimulus  of  the 
incisionj”),  must  be  regarded  as  disproven.  For — apart  from  the 

fact  that  an  after -effect  of  simple  division,  lasting  for  hours 
(and  the  disposition  to  the  discharge  of  break  twitch  I does 
last  that  time  in  the  vicinity  of  the  cross -section),  is  highly 
improbable — it  may  further  be  urged  against  Grünhagen  that  the 
effects  of  the  make  excitation  would  then  hâve  to  be  propor- 
tionately  strengthened,  with  uniform  position  of  électrodes,  and 
ascending  direction  of  current,  which  is  not  the  case.  We  hâve 
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already  seeii  that  the  same  effect  appears  in  striated  muscle. 
There  \ve  had  direct  proof  of  “ false  ” break  twitches  caused 
by  internai  short-circuiting  of  the  démarcation  current,  compen- 
sated  during  closure  of  the  battery  current  in  the  leading-off 
circuit.  It  is  natural  to  apply  the  same  explanation  to  the 
primary  break  twitch  from  the  transverse  section,  in  nerve- 
excitation.  ïhis  was  actually  donc  by  Grützner  (41)  and 
Tigerstedt  (41),  who  only  go  too  far,  inasmuch  as  they  deny 
any  real  break  excitation  due  to  fall  of  the  current,  and  assume 
that  every  so-called  opening  excitation  is  constitutionally  an 
effect  of  closure,  deriving  from  an  interférence  between  exciting 
current  and  nerve  current,  which  last  may  be  either  a démarca- 
tion or  a polarisation  current. 

As  against  this  view  it  must  be  maintained  that  in  nerve,  as 
in  muscle,  there  is  a true  opening  excitation,  viz.  a reaction  of  the 
excitable  substance  towards  the  changes  produced  by  current 
(at  the  anode).  The  interférence  effects  between  exciting  current, 
and  pre-existing  différences  of  potential,  which  underlie  the 
“ false  ” opening  twitches,  can  only  be  dealt  with  later,  in 
discussing  the  electromotive  action  of  nerve. 

Since  (as  appears  directly  from  the  above)  the  effects  of 
exciting  motor  nerves  with  the  constant  current  dépend  essen- 
tially  upon  the  relations  of  excitability  in  the  nerve,  we  should 
anticipate  a fairly  complicated  reaction  from  a nerve -muscle 
préparation,  inasmuch  as  it  présents  a multiplicity  of  functional 
éléments,  differing  in  excitability — as  was  shown,  e.g.,  for  the 
rheoscopic  frog’s  leg  with  Üexors  and  extensors  supplied  by  a 
common  nerve-trunk,  and  in  a far  higher  degree  in  the  craytish 
claw.  As  regards  the  first  case,  it  may  be  remarked  that,  accord- 
ing  to  Grützner  (42),  the  excitation  of  the  frog’s  sciatic  with 
currents  of  increasing  intensity  excites  (piite  different  muscles 
at  closure,  and  at  a later  period.  If  there  is  eventually  an 
adéquate  break  excitation,  those  muscles  alone  twitch  which  hrst 
became  active  at  closure.  The  opening  stimulus  thus  acts  here 
(with  stronger  currents)  like  a weak  closing  excitation.  The 
same  may  be  observed  on  man  when  the  électrodes  of  a sufficiently 
strong  battery  are  applied  to  the  sulcus  hicipitalis  intcrnv.s.  At 
a certain  strength  of  current,  the  muscles  that  twitch  at  make 
and  at  break  are  different  (flexion  of  hand  at  make,  pronation  at 
break). 
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2.  Excitation  of  Ncrvcs  in  Crayfisli 

On  tlie  crayjisli  claw,  uiuler  certain  conditions,  the  excita- 
tory  eftects  of  the  constant  carrent  may  be  reniarkably  developed 
(Biedermann,  43).  It  bas  already  been  stated  tbat  witli  tetanising 
excitation  of  tbe  claw-nerve,  tbe  tonically  contracted  adductor 
muscle  relaxes  at  about  tbe  sanie  coniparatively  low  strengtb  of 
carrent  at  whicb  tbe  abductor  contracts  vigorously  ; wbile  strong 
currents,  again,  throw  the  former  into  tétanie  contraction,  tbe 
abductor  eitber  suffering  no  visible  change  of  form,  or,  if  tbere  is 
any  tonus,  becoming  relaxed.  Hence  tbere  would  appear  to  be 
a complété  autagonism  of  excitatory  conditions  in  tbe  nerves 
correspondiiig  witb  tbe  two  muscles. 

Tbe  results  of  excitation  witb  the  constant  carrent,  on  tbe 
other  band,  are  much  more  complicated.  In  the  first  place,  tbere 
is  never  a “ neutral  zone  ” of  carrent  sti’engtb  as  defined  above, 
altbough  striking  and  perfectly  regular  différences  of  action 
between  currents  of  different  strengtb  are  by  no  means  want- 
ing.  In  agreement  witb  the  excitatory  reaction  on  tetanising 
the  nerve  by  means  of  alternating  currents,  e.g.,  we  find  witb 
closure  of  a battery  carrent  tbat  the  excitatory  effects  pre- 
dominate  or  appear  alone  in  tbe  abductor,  the  inbibitory  effects 
at  the  adductor,  witb  low  intensity  of  carrent,  wbile  witb  stronger 
currents  the  contrary  effect  appears.  In  detail,  however,  the 
effects  are  far  barder  to  analyse,  because  at  each  adéquate  ex- 
citation both  impulses  (excitation  and  inhibition)  usually  appear, 
so  tbat  in  tracing  the  changes  of  form  in  one  of  the  two  tonically 
contracted  muscles,  higbly  complicated  curves  may  arise,  wliich 
are  only  intelligible  on  the  ground  of  the  previous  data. 

Tbe  effects  of  excitation  are  best  seen  in  tbe  atonie  adductor 
muscle,  wbere  tbe  results  agréé  tbroughout  witb  experiments  on 
other  nerve-muscle  préparations,  and  correspond  perfectly  witb 
Pflüger’s  law  of  contraction.  Medium  currents  bere  work  in- 
dependent  of  the  direction  in  whicb  tbey  are  passed  tbrough 
tbe  nerve,  exciting  both  at  make  and  at  break,  wbile  a strong 
descending  carrent  excites  at  make,  a strong  ascending  carrent 
on  tbe  contrary  at  lireak  only.  It  is  to  be  remarked  for  tbese 
experiments  tbat  every  stronger  excitation  gives  rise  to  a more 
or  less  prolonged  tétanie  contraction  of  the  muscle,  so  tbat 
sident  ejxitation  hy  the  constant  current  is  bere  tbe  rule  (sw^n’«). 
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Siinilar  experiiuents  on  the  atonie  abductor  muscle  show 
that,  apart  from  other  différences  to  be  discussed  below,  it  is, 
as  a rule,  excited  by  niuch  weaker  currents  than  the  adductor 
muscle,  while  strong  currents  under  some  conditions  prove  wholly 
ineffective,  at  other  times  discharging  contractions  considerably 
weaker  than  those  from  currents  of  lower  intensity.  Tins  last 
Paradox,  however,  is  not  invariable,  and  cannot  even  be  termed 
a frequent  occurrence. 

Direction  of  current  seems  to  be  of  importance  in  ail  experi- 
ments  on  the  muscles  of  the  claw,  inasmuch  as  the  closing  excita- 
tion appears  in  the  majority  of  cases  with  ascending,  rather  than 
with  descending  currents,  while  the  contrary  is  true  of  the 
opening  stimulation.  The  cause  of  this  reaction  must  be  sought 
less  in  any  spécial  property  of  the  nerve-fibres  than  in  the  fact 
that  with  the  above  conditions  of  experiment,  current  density  at 
the  two  électrodes  is  not  equal,  but  is  less  at  the  contact  that 
lies  towards  the  periphery  than  at  the  central  contact.  This  is 
due  to  the  form  of  the  joint  to  which  the  (thread)  électrodes 
are  applied,  since  the  diameter  of  the  joints  increases  considerably 
towards  the  claw.  The  above  différence  niay  be  neutralised,  or 
even  reversed,  by  merely  passing  the  threads  as  near  as  possible 
to  the  nerve,  which  runs  along  the  inner  surface  of  the  limb,  or 
by  using  a more  basal  joint  for  excitation. 

Ail  doubt  as  to  the  validity  of  Pflüger’s  law  of  excitation  for 
the  nerves  of  the  adductor  as  well  as  the  abductor  muscle  is 
removed  by  simply  excludiug  the  central  electrode,  as  will  be 
shown  below. 

Wliile  in  atonie  muscles  treated  by  the  above  method  the 
effects  of  excitation  by  the  constant  current  are  tolerably  uuiform, 
there  is,  along  with  conformity  of  detail,  a surprising  variety  of 
effect,  on  exciting  préparations  from  either  of  the  two  claw 
muscles,  when  there  is  a more  or  less  well-developed  tonus. 
This  is  intelligible  since  each  single  stimulation  affects  the 
muscle  in  an  exactly  contrary  direction,  and  thus,  as  will  be 
shown,  produces  opposite  changes  of  form.  Excitatory  or  inhibi- 
tory  effects  preponderate  according  to  the  State  of  the  prépara- 
tion, and  the  strength  and  direction  of  the  exciting  currents. 

The  préparations  of  the  adductor  muscle  which  most  con- 
veniently  show  the  dependence  of  inhibitory  and  excitator}' 
action  from  the  constant  current,  upon  its  direction  and  in- 
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teiisity,  are  such  as  are  in  a state  ot  nioderate  tonie  contraction, 
and  therefore  react  by  corresponding  changes  of  forni  to  both 
etiects  of  excitation. 

If  with  increasing  intensity  of  cnrrent  the  préparation  is 
excited  with  alternately  ascending  or  descending  currents,  or 
with  uniforin  direction  of  cnrrent,  there  are,  as  a rule,  certain 
obvions  characteristics  of  the  mode  of  reaction  which — given  the 


Fig.  195. — Adductor  of  craytish  claw.  Excitation  of  nerve  with  constant  currents.  The  existing 
tonus  is  little  if  at  ail  increased  by  closure  of  weaker  currents  («-,  h),  which  essentially  inhibit 
it.  Closure  of  a strong  cnrrent  on  the  other  hand  = c. 

préviens  data  re  tétanisation  of  the  nerve — distingnish  the 
addnetor  ninscle  sharply  from  the  abdnetor. 

In  the  first  place,  it  is  évident  that  in  préparations  of  the 
former  mnscle  weak  currents  and  medinm  currents  hâve  a 
predominantly  inhibitory  action,  while  with  stronger  currents 
the  effects  of  excitation  preponderate,  or  alone  appear  (Fig. 
195,  a,  h).  Tins  is  expressed,  on  the  one  hand,  in  the  fact 
that  the  augmentation  of  tonns  that  invariably  corresponds  with 
the  moment  of  closni-e,  i.e.  shortening  of  the  mnscle,  increases 
with  increasing  intensity  of  cnrrent  to  a certain  npper  limit, 
which  (from  the  mechanical  conditions  of  the  experiment)  is 
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iiot  iiecessarily  the  inaxiinuin  of  contraction  ; wliile,  on  tlie  other 
hand,  the  duration  of  closure  tetanus  increases  also,  thus  account- 
ing  for  tlie  fact  that  the  obvions  inlnbition  (relaxation)  at  each 
single  stimulus  begins  so  inuch  later  after  the  beginning  of 
excitation  (closure)  in  proportion  as  the  eurrent  is  strengthened. 

If  the  successive  alterations  which  occur  in  contraction  are 
considered  synthetieally,  there  appears  to  be  a graduai  transition 
froin  increasing  and  more  or  less  extended  twitches  to  definite 
and  prolonged  elosure  tetanus  ; which  recalls  the  similar  reaction 
of  the  relaxed  atonie  muscle  under  the  same  conditions.  Make 
twitches  of  characteristic  brevity  occur  not  infrerpiently  at  a 
certain  strength  of  eurrent,  their  curves  being  distinguished  by 
a very  sharp  apex  : these  presumably  represent  the  effects  of 
inhibition  following  rapidly  upon  closure,  since  the  curve  of  make 
^twitches  under  normal  conditions  is  extended. 

The  beginning  and  end  of  a sériés  of  experiments  on  atonie 
adductor  muscle  are  usually  characterised  by  single  (and  oppo- 
site) signs  of  excitation,  with  many  intermediate  transitions  of 
action,  which,  according  to  the  strength  of  eurrent,  exhibit  a 
regular  antagonism  between  excitation  and  inhibition,  contraction 
and  relaxation. 

As  shown  by  ail  previous  experiments,  inhibitory  action 
appears  singly  (in  indireet  excitation  of  the  adductor  muscle  by 
constant  currents)  at  comparatively  low  intensity  of  eurrent  only  ; 
while  very  strong  eurrents  hâve  an  exclusively  exciting  aetion — 
at  ail  events,  this  is  the  rule  immediately  after  closure. 

It  should  be  further  observed  with  regard  to  the  abductor 
muscle  of  the  erayfish  claw,  that  when  onee  the  exeiting  eurrent 
is  sufbeient  to  produce  a perceptible  reinforcement  of  the  existing 
tonus  at  elosure,  this  ejfcct  under  ail  circumstanccs  précédés  the 
subséquent  diminution  of  tonus  due  to  inhibition. 

In  the  curve  this  only  appears  at  lirst  as  a slight  rise, 
previous  to  the  deep  dépréssion  described  by  the  lever  in 
conséquence  of  the  sinking  (from  inhibition  of  tonus)  of  the 
free,  and  downward  directed,  arm  of  the  claw.  With  each 
stronger  stimulus,  the  conséquences  of  excitation  are  seen  more 
plainly,  while  those  of  inhibition  are  at  first  equal,  and  then, 
owing  to  the  increasing  closure  tetanus,  make  a more  and  more 
delayed  entrance. 

Tlie  curve  at  first  rises  steeply  from  the  initial  abscissa  (which 


IX 


ELECTRICAL  EXCITATION  OF  XERVE 


ISi) 


corresponds  witli  the  existing  tonus),  and  then,  sooner  or  later, 
niakes  a sudden  drop  below  it  (Fig.  196),  either  rising  again 
iinmediately,  or  more  slowly,  after  a certain  interval,  so  tliat  the 
lever  often  recovers  its  initial  position 
during  closure,  in  other  cases,  liowever, 
ouly  wlien  tlie  circuit  is  opened.  It 
not  infreqnently  happens,  at  a given 
strength  of  current,  that  the  shortening 
of  the  tonie  muscle,  on  closing  the  circuit, 
corresponds  both  in  magnitude  and  dura- 
tion with  the  subséquent  relaxation,  so 
that  the  first  section  of  the  curve  above 
the  abscissa  is  almost  equal  with  that  of 
the  lower  half  (Fig.  196).  In  current- 
inteusities  below  this  limit,  the  second 
half  of  the  curve  seems  generally  to  preponderate,  while  beyond 
it  the  effects  of  excitation  corne  more  and  more  into  play  at  the 
expense  of  the  inhibiting  action — so  that  the  first  section  of  the 
curve  is  highly  characteristic. 

The  inhibitory  effects  are  often  so  indefinite,  that  their 
existence  as  independent  signs  of  stimulation  might  easily 
be  overlooked,  without  some  knowledge  of  the  action  of 
weaker  currents  ; and  they  might  be  viewed  merely  as  fatigue- 
effects  from  the  immediately  preceding  persistent  excitation. 
This  is  indeed  contradicted  by  the  fact  (as  insisted  on  above)  that 
re-entry  of  the  more  or  less  strongly  inhibited  tonus  usually 
occurs  during  the  passage  of  the  current;  while,  moreover,  the 
break  of  a stronger  current  not  unusually  inhibits  to  the  same 
extent  as  the  closure  of  a weak  current.  On  openiug  the  exciting 
circuit  a fall  of  the  curve  siniilar  to  that  previously  obtained 
during  closure  (Fig.  195,  c)  is  apparent. 

We  thus  learn  that  the  reaction  of  the  tonically  contracted 
adductor  muscle,  on  exciting  its  nerve  with  the  constant 
current,  is  characterised  throughout  (with  iucreasing  strength  of 
current)  by  dépréssion  of  inhibitory  effects  in  favour  of  excitatory 
action,  until  the  inhibition  becomes  imperceptible.  In  the  abductor 
muscle  the  contrary  occurs,  owing  to  its  much  stronger  and 
more  persistent  tonus.  This  is  évident  from  comparison  of  the 
curves  (Figs.  195,  197),  which,  though  recorded  as  far  as  possible 
under  uniform  conditions,  are  in  many  respects  exactly  opposite. 
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While  tlie  tonus  of  tlie  adductor  muscle  is,  as  a rule,  inlnbited 
by  minimal  effective  currents,  without  any  perceptilde  excitation, 
either  previously  or  during  prolonged  closure,  the  first  effect 
of  weak  stimuli  upon  the  abductor  muscle  is  pre-eminently  a 
strengthening  of  the  existing  tonus  ; and  there  is,  in  tins  par- 


Fiq.  197. — Abductor  muscle  of  the  crayflsh  claw  (touic);  stimulation  with  constant  currents  of 
increasing  intensity  ; augmented  inhibition  as  primary  effect  of  excitation.  Time-markiug 
in  seconds. 


in  the  other,  brings  ont  the  striking  dissimilarity,  that  each 
single  stimulus  now  produces  double  action.  But  while  in  the 
adductor  muscle  excitation  iiivariably  précédés  inhibition,  the 
contrary  occurs  in  the  abductor.  At  the  moment  of  closing  the 
exciting  circuit,  excitation  (contraction)  in  the  one  case,  inhibition 
(relaxation)  in  the  other,  makes  a delayed  entrance,  and  must  in 
each  case  be  regarded  as  the  primary  effect  of  the  current. 

As  in  the  adductor  muscle  the  conséquent  excitation  seenis, 
at  its  tirst  appearance,  to  be  merely  indicated,  as  an  independent 
constituent  of  the  curve,  so  the  saine  holds  good  of  the  eftects 
of  inhibition,  with  indii’ect  excitation  of  the  abductor  muscle. 
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Fig.  197,  a,  shows,  aller  an  insignihcant  fall  of  tlie  curve 
begiiiniiig  at  tlie  moment  of  closnre,  a marked  rise,  in  consecjuence 
of  the  now  developing  inake  excitation,  leading  at  h and  c to 
a permanent  reinforcement  of  the  initial  tonus.  AVitli  the  less 
favonrable  descending  direction,  the  saine  weak  cnrrent  produces 
excitation  only  at  closnre,  withont  previous  iidiibition,  i.c.  acts 
as  a weaker  stimulus.  The  sanie  gradation  of  effect  with  the 
two  directions  of  cnrrent  is  in  most  cases  more  or  less  plainly 
visible  on  stiniulating  with  alternately  ascending  and  descending 
cnrrents.  With  increasing  strength  of  excitation,  the  primary 
inhibition  heconies  more  and  more  conspicnous,  the  curve  falling 
deeper  on  the  one  hand  at  closnre  of  the  cnrrent,  and  on  the 
other  rising  again  the  more  slowly  to  the  abscissa,  or  passing 
heyond  it,  in  proportion  with  the  intensity  of  the  cnrrent. 

Seeing  that  with  indirect  stimulation  of  the  addnctor  muscle 
by  not  unduly  weak  constant  cnrrents,  inhibition — with  stimula- 
tion of  the  abductor  muscle  by  strong  cnrrents,  on  the  other 
hand,  ea:citation — makes  a more  or  less  delayed  entrance  aller 
closure  (as  expressed  in  the  corresponding  changes  of  forni  in 
the  muscle),  insufhcient  duration  of  closure  in  either  case  will 
give  the  impression  of  single,  or  négative,  effects  of  excitation. 
This  is  more  especially  the  case  in  préparations  of  the  abductor 
muscle,  where,  owing  to  want  of  tonus,  the  inhibitory  effect, 
as  expressed  directly  in  changes  of  form  in  the  muscle,  is 
absent. 

Such  inhibitory  action  is  then  apparent  only  in  a retardation 
of  the  latent  period,  which  may,  under  certain  conditions,  last  for 
several  seconds — a fact  which  gives  a characteristic  form  to  these 
curves,  and  indicates  their  origin  from  the  abductor  muscle  (Fig. 
198,  a,  h).  That  this  is  really  no  more  than  the  effect  of  an 
inhibition,  antécédent  to  the  excitatory  action  of  the  cnrrent,  is 
most  plainly  seen  in  cases  in  which  the  muscle  is  excited  once 
with  uniform  strength  of  cnrrent,  while  there  is  still  a perceptible 
tonus,  and  again  later  in  the  relaxed  condition. 

In  both  cases  tlie  inake  contraction  is  retarded  in  about  the 
saine  degree,  but  while  in  the  one,  closure  of  the  circuit  produces 
a visible  diminution  of  tonus,  inhibition  is  expressed  in  the  other 
solely  by  the  lengtheniiig  of  the  latent  period. 

It  follows  that  the  inhibitory  action  of  the  constant  cnrrent 
antécédent  to  excitation  may  be  demonstrated  in  almost  every 
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single  case,  eveii  with  coinparatively  weak  currents,  since  a 
perceptible  delay  in  tlie  appearance  of  contraction  (visible  even 
at  a slow  rate  of  the  recorcling  surface)  is  wanting,  as  a rnle, 
only  in  tlie  weakest,  minimal  currents.  The  time-value  of  tlie 
delay  differs  much  in  different  préparations,  and,  as  a rule, 
diminishes  in  the  sanie  préparation  with  frequent  répétition  of 
stimulus,  even  when  the  excitatory  action  of  the  current  shows  no 
sign  of  diminution. 

Just  as  the  inhibitory  effect  of  stimulation  is  sometimes  very 
apparent  in  préparations  of  the  adductor  muscle  (according  to  its 
State),  while  in  other  cases  it  is  merely  indicated,  or  quite  imper- 
ceptible, notwithstanding  an  equal  development  of  tonus — a 
variation  that  may  essentially  be  due  to  altered  conditions  in 
the  muscle:  so  in  the  abductor,  we  find  similar  différences. 
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Fig.  198. — Abductor  muscle  of  craylish  claw  (atonie)  ; excitation  with  («)  weak  and  (JS)  strong 
battery  currents  ; in  the  last  ca.se  there  is  a pronounced  delay  in  the  make  contraction. 

although  the  inhibitory  action  here  takes  effect,  as  a rule,  far 
more  certainly  thau  in  the  antagonist  muscles. 

The  excitatory  action  of  strong  constant  currents  in  the 
adductor  muscle  {supra)  so  far  preponderates  over  its  inhibitory 
effect  that  the  latter  only  appears  very  exceptionally  with  strong 
excitation,  when  a transitory  relaxation  may  sooner  or  later 
interrupt  the  closure  tetanus.  This  is  not  equally  true  of  the 
abductor,  where,  even  with  strong  currents,  the  inhibition  (which, 
as  regards  dependence  on  strength  of  stimulation,  corresponds 
with  excitation  in  the  antagonist  muscles)  is  alniost  regularly 
interrupted  by  the  succeeding  excitation  in  the  course  of  a long 
closure  ; which  excitation — like  the  inhibition  of  the  adductors 
— first  eff'ects  entrance  when  the  strength  of  the  stimulus  begins 
to  décliné  during  the  passage  of  the  current.  This  last  fact  may 
well  cause  the  différences  of  effect  on  exciting  with  constant  or 
with  tetanising  alternating  currents. 
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As  regards  the  break  excitation,  it  sliould  be  observed  that 
it  requires  stroiiger  curreiits  (here  as  everywliere)  tlian  the  inake 
effect,  and  niay,  like  tliis  last,  prodnce  opposite  changes  of  form 
in  the  muscle  nnder  certain  conditions.  In  conséquence  of  the 
inferior  strength  of  the  opening  stimu- 
lus, however,  it  only  excites  the  muscle 
in  the  majority  of  cases,  and  seldoin 
reaches  sutficient  proportions  to  inhibit 
a pre-existing  tonus.  But  if  in  such 
a case  the  exciting  action  of  the 
current  fails  to  find  expression,  the  — ' ~ ' ' 

effects  of  stimulation  both  at  make 
and  at  break  of  the  circuit  may 

consist  in  a transitory  relaxation  of  the  tonically  contracted 
muscle  : the  curve  then  présents  two  dépréssions,  one  beginning 
at  closure,  and  disappearing  only  during  the  passage  of  the 
current,  the  other  less  considérable — corresponding  with  the 
break  of  the  exciting  circuit  (Fig.  199). 

In  view  of  the  double,  partly  iuhibitory,  partly  exciting 
effect  of  stimulating  the  two  muscles  of  the  crayfish  claw  with 
the  constant  current,  the  important  question  arises  whether — 
under  the  presumption  of  pure  polar  action  of  current — the  two 
effects,  at  make  on  the  one  hand,  at  break  on  the  other, 
proceed  from  the  same  electrode,  or  whether  there  is  an 
antagonism  between  the  respective  discharges  of  excitation  and 
inhibition. 

It  bas  already  been  stated  of  the  atonie  adductor  muscle  that 
the  order  of  excitatory  effects  corresponds  throughout  with 
Pflüger’s  law  ; i.e.  both  on  applying  very  strong  currents,  and  after 
excluding  the  influence  of  the  central  electrode  by  partially 
killing  the  nerve,  the  descending  current  takes  effect  at  make, 
the  ascending  current  at  break  only  of  the  circuit. 

Since  in  the  flrst  case — owing  to  the  enormous  résistance  in 
the  exciting  circuit,  and  low  density  within  the  part  traversed — 
the  current  must  be  of  very  considérable  intensity  in  order  to 
obtain  the  third  stage  of  Pflüger’s  law  (with  unpolarisable  élec- 
trodes), the  second  of  the  methods  given  above  seems  the  most 
appropriate. 

By  tins  it  is  easy  to  ascertain,  with  given  intensity  of 
current  for  both  adductor  and  abductor  muscle,  that  inhibition 
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as  wdl  as  excitation  'procccds  at  make  from  the  kathode,  at  break 
from  the  anode. 

It  suffices  to  divide  the  claw-nerves  in  the  proximity  of  the 
central  electrode,  or  to  kill  a certain  portion  of  theni  ah  initio 
by  warming  (dippiug  the  limb  of  the  claw  in  hot  water  almost 
to  the  point  of  excitation).  This  is  obviously  liable  to  affect  the 
tonus  of  the  muscle,  so  that  it  does  not  always  yield  satisfactory 
results  ; in  other  cases,  however,  the  experiment  is  perfectly 
successful. 

VI.  Polar  Excitation  of  other  ISTerves  and  specific 

ISTerve-Endings 

Donders  (44)  bas  established  polar  action  in  the  inhihitory 
fibres  of  the  cardiac  vagus  according  to  Pflüger’s  law,  by  graphically 
recording  the  heart-beats.  With  adéquate  closure  or  opening  of  a 
constant  current  there  is  plainly  seen,  after  a short  latent  period, 
to  be  lengthening  of  the  succeeding,  and  especially  of  the  uext  two 
pulsations  ; and  with  increasing  strength  of  current  the  order  is 
as  follows — ascending  make,  descending  make,  descending  break, 
ascending  break.  The  effects  of  ascending  make  and  descending 
break  soon  reach  a maximum,  after  which  they  décliné,  and  fail 
even  with  strong  currents,  thus  corresponding  exactly  with  the 
law  of  contraction. 

In  view  of  the  sluggishness  of  most  smooth  muscles,  and  their 
conséquent  inability  to  react  to  a single  brief  stimulus,  we  should 
agoriori  expect  the  manifestations  of  the  law  of  polar  excitation  to 
fail  altogether,  or  at  most  to  appear  exceptionally,  with  indirect 
excitation.  Thus  a single  closure  or  opening  of  the  constant 
current  produces  no  effect  on  the  cervical  sympathetic,  while 
repeated  closure  and  opening  resuit  in  unmistakable  constriction  of 
the  vessels  of  the  ear  (in  rabbit).  On  the  other  hand,  Pflüger’s 
law  is  easily  demonstrated  on  the  comparatively  quickly  reacting 
muscles  of  the  sphincter  iridis  (of  cat).  So,  too,  on  the  mantle- 
nerves  of  Eledone  (v.  Uexküll,  45).  The  closure  and  opening  of 
medium  currents  cause  contractions  with  both  ascending  and 
descending  direction.  Closure  of  a strong  descending  current 
gives  tetanus  throughout  the  period  of  closure,  but  bas  no  effect 
with  ascending  direction  ; opening  of  the  circuit  in  this  case  pro- 
duces prolonged  opening  tetanus.  The  descending  closure  tetanus 
is  often  rhythmical. 


IX 


KLKUTRICAL  EXUITATIOX  OF  NERVE 


195 


rtiüger’s  law  caii  also  be  denionstrated  ou  secrefori/  ncrves,  if 
tlie  oalvanic  alterations  in  gland-cells  be  taken  as  tbe  index  of 
excitation.  Tins  is  easily  shown  on  tbe  frog’s  tongue  if  tlie 
glosso-pbaiyngeal  nerve  is  excited  (Biedermann,  8).  Here  again 
we  see  tliat  constant  currents  are  much  more  appropriate  for  tbe 
excitation  of  secretory  nerves  tliau  single  induction  shocks,  wbicb 
with  even  powerful  intensities  produce  hardly  any  modification  of 
tbe  lingual  current,  wbile  tbe  single  closure  of  a medium  battery 
current  invariably  produces  visible  conséquences.  Tins  striking 
disparity  of  action  is  undoubtedly,  in  eitber  case,  caused  solely  by 
dissimilar  diiration  of  tbe  currents — tbus  not  nierely  testifyiug 
against  tbe  infallibility  of  du  Bois’  “ universal  law  of  excitation,” 
but  proviug  tbe  accuracy  of  tbe  view  of  Grützner  and  Scbott, 
viz.  tbat  rapid  stimuli  excite  tbe  quickly  reacting,  slow  stimuli 
tbe  more  sluggisb  end-organs.  If,  witb  a strong  ingoing  lingual 
current,  3—6  Dan.  are  closed  in  tbe  descending  direction,  after 
previous  compensation  of  tbe  current,  tbere  will  regularly  be — 
after  a sbort  latent  period  (1—2  sec.)— a monopbasic  négative 
variation,  wbicb  is  often  of  considérable  strengtb,  persisting  for 
some  time  duriug  closure,  and  vanisbing  rapidly  wben  tbe  circuit 
is  broken  ; wbereupon,  if  tbe  current  is  not  too  strong,  tbe  break 
excitation  appears  as  a delay,  or  even  as  a brief  arrest  of  tbe 
backward  impulse.  Tbis  is  usually  still  more  plain  on  exciting 
witb  ascending  currents,  closure  of  wbicb  produces  tbe  saine 
monopbasic,  albeit  essentially  weaker,  négative  variation  as  tbe 
descending  direction.  If  very  strong  currents  are  employed,  tbe 
effects  may  correspond  tbrougbout  witb  tbe  tbird  stage  of  tbe  “ law 
of  contraction  ” ; since  witb  tbe  descending  direction  a “ closure 
variation,”  witb  tbe  ascending  direction  an  “ openiug  variation,” 
alone  appears.  As  we  sbould  anticipate,  tbe  alternate  closure  of 
opposite  currents  by  means  of  a Pobl’s  reverser  invariably 
results  in  an  excessively  strong  variation  of  tbe  current  of  rest. 

BHüger  (46)  was  again  tbe  first  to  investigate  tbe  action  of 
currents  of  different  direction  and  intensity  upon  centriintal 
(sensory)  nerves,  using  tbe  reflexes  discliarged  as  indications  of 
excitation.  Tbe  frogs  were  weakly  strycbninised,  and  current 
tben  led  tbrougb  tbe  isolated  sciatic — tbe  unskinned  lecf  remain- 

O O 

ing  attacbed  to  tbe  nerve,  to  avoid  artificial  cross-sections.  Tbe 
I presumptions  of  Marianini  and  Matteucci  for  strong  currents 
I were  entirely  realised.  Eeflexes  were  excited  only  by  closure 
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of  ascending  and  opening  of  descending  currents,  because  in 
the  fii’st  case  the  katelectrotonic,  in  the  second  the  anelectrotonic 
part  of  the  nerve  communicated  directly  with  the  spinal  colunin  ; 
the  leg  connected  with  tlie  nerve,  on  the  other  hand,  twitched 
according  to  the  law  of  contraction  only  with  the  two  opposite 
stimiili.  With  niedinm  currents,  ail  four  stimnli  were  reflexly 
responded  to,  as  previonsly  pointed  ont  by  Matteucci.  Setschenow 
and  Hallsten  (46)  hâve  since  investigated  the  same  question,  i 
arriving  at  essentially  the  same  resnlts.  i 

The  conséquences  of  exciting  mixed  centrij>etal  nerves,  which  ; 

consist  of  antagonistically  working  fibres,  e.g.  the  vagits,  are  ; 

niuch  more  complicated.  Grützner  discovered  that  the  closure  I 

and  passage  of  constant  ascending  currents,  and  in  a less  degree  ! 

the  opening  of  descending  currents,  had  an  inhibitory,  expiratory  | 

effect  upon  respiration,  while  opening  of  ascending  and  closure  i 

of  descending  currents  remained  ineffective.  Langendorff  and  ^ 

Oldag  (7)  bave  recently  submitted  these  facts  to  more  accurate  ■ 

investigation,  finding  that  an  ascending  constant  current,  sent  . 

into  the  central  end  of  the  vagus,  “ in  ail  cases  influences  , 

respiration  in  the  expiratory  direction  ; i.e.  it  either  induces  a 
longer  expiratory  arrest,  or  retards  the  breathing  by  inducing  ' 

expiratory  pauses.”  And  this  is  the  case  uot  merely  at  the  i 

moment  of  closure,  but  throughout  prolonged  passage  of  current.  j 

Breaking  the  current  in  most  cases  induces  a visible  inspiratory  ; 

effect,  expressed  either  in  a deepening  of  . inspiration,  or  in  a short 
inspiratory  stoppage.  The  closure  and  passage  of  the  descend-  ) 

ing  constant  current  were  always  found  by  Langendorff  and  ' 

Oldag  to  be  less  effective  thaii  those  of  the  ascending  current, 
and  that  in  an  antagonistic  sense,  i.c.  inspiratory  ; while  opening 
the  circuit  again  produces  an  inspiratory  standstill.  ' 

“ Inhibition  of  respiration  {expiratory)  is  therefore  prodneed  by 
closure  of  the  ascending  and  opening  of  the  descending  constant 
current  ; excitation  of  respiration  {inspiratory)  by  opening  of  the  : 
ascending  and  closure  of  the  descending  current."  : 

The  same  (expiratory)  action  as  with  ascending  constant  < 

currents  may  also  be  produced  on  thoroughly  narcotised  animais  ( 

by  interrupted  constant  currents  of  uniform  direction,  especially 
where  the  frequency  of  interruption  is  small,  and  the  closure  of 
prolonged  duration.  Inspiratory  effects,  on  the  other  haud.not  only 
appear  with  closure  of  descending  persistent  currents,  but  still 
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more  witli  rhythmical  excitation  at  uiiiform  direction  of  current. 
A positive  interprétation  of  tliese  data  is  hardly  possible  witliout 
further  investigation  ; in  any  case,  Langeudortf’s  assmnption  that 
“ simple  galvanic  variations  of  carrent,  and  tlie  passage  of 
tlie  current,  are  merely  inliibitory,  wliile  oscillatory  variations 
are  excitatory  in  action  ” — and  that  “ tlie  excitation  whicli  pro- 
ceeds  froni  tbe  lower,  distal  electrode  implies  a tetanising 
eleinent  ” — needs  furtlier  corroboration. 

Great  theoretical  interest  attaches  to  experiments  on  tlie 
■polar  excitation  of  the  liiglier  sensory  nerves  by  the  constant  current, 
sensation  liere  serving  as  the  excitatory  reagent.  The  earlier 
electricians  collected  a fund  of  experimental  data  in  this  depart- 
ment,  although  the  interprétation  of  their  facts  is  very  dubious. 
Those  relating  to  the  taste-sense  are  the  most  obvions.  Here,  as  in 
ail  other  cases,  it  must  be  noted  that  excitation  of  the  isolated 
sensory  nerve  involved  is  not  possible,  the  p)^'>'ipheral  end-organ 
{sensory  epithelium)  being  under  ail  circumstances  excited  with  it. 

The  first  and  weightiest  conclusion  from  the  older  experiments 
is  as  follows  : When  an  electrical  current  is  passed  through  the 
tongue,  an  acid  taste  is  perceived  at  the  point  where  current 
enters  (anode),  and  a different  taste,  usually  described  as  alkaline, 
at  the  point  where  it  leaves  (kathode).  Volta,  however,  described 
the  latter  as  being  merely  somewhat  alkaline,  sharp,  and  rough, 
approaching  to  bitter.  These  two  sensations,  one  of  which 
(kathodic)  is  always  rnuch  weaker  than  the  other  (anodic), 
continue  as  long  as  the  current  is  passing,  aiid  are  perceptibly 
reversed  (as  observed  by  Eitter)  when  the  circuit  is  opened. 
Eosenthal  (47)  was  unable  to  discover  this,  finding  merely  that 
the  acid  taste  continued  for  a short  time  after  breaking  the 
current,  while  the  alkaline  trace  quickly  disappeared.  At  the 
same  time  v.  Vintschgau  (47)  confirmed  the  observations  of 
Eitter — the  prédominant  acid  being  converted  into  a faintly 
metallic  taste  at  the  moment  of  opening  the  current,  when  the 
kathode  was  applied  to  the  root  of  the  tongue. 

As  early  as  1793  Pfaff  discovered  the  relation  between  the 
différence  in  electrical  taste  according  to  the  disposition  of  the 
metals  on  the  tongue,  and  the  différence  in  contraction  according  to 
their  distribution  in  nerve  and  muscle  ; and  the  possibility  at  once 
présents  itself  of  direct  comparison  between  the  qualitatively 
different,  and  in  a certain  sense  antagonistic,  polar  effects,  on  excita- 
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tion  of  tlie  sensitive  lingual  niucosa,  and  those  exhibited  by  so 
inany  otber  excitable  substances — tbe  more  so  since  the  conti’ast 
between  closing  and  opening  effects  finds  complété  analogy  in  the 
law  of  polar  current  action. 

Further  details  of  electrical  sensations  of  taste  are  subjoined 
from  the  recent  investigations  of  Laserstein  (47).  Just  as  there 
are  individual  différences  in  the  serise  of  taste,  so  there  are  individuel 
variations  in  sensibility  to  the  current,  varying  in  the  same  person 
at  different  times,  and  in  different  individuals.  As  might  be  ex- 
pected  from  the  greater  intensity  of  the  anodic  acid  taste,  the 
liminal  value  for  the  iugoing  (acid)  current  lies  considerably 
lower  than  that  for  the  outgoing  current.  With  non-polarisable 
électrodes,  the  liminal  value  of  current  for  the  acid  taste  was 
about  3-5^  milli-ampère.  This  very  low  figure  is  undoubtedly 
due  to  the  liigh  spécifie  excitability  of  the  organ  of  taste  towards 
constant  currents,  in  which  respect  it  far  exceeds  ail  other  sense- 
organs.  Oscillations  of  current  produce  no  visible  augmentation 
of  gustatory  sensations. 

The  electrical  taste  lias  been  very  differently  interpreted. 
One  question  is  of  primary  importance  : Do  the  sensations  of  taste 
avise  from  the  direct  stinmlation  of  the  taste-nerves  by  the  current,  or 
are  they  caused  indirectly  by  clectrolytic  décomposition  of  the  fiuids 
in  the  mouth  'i  We  know  that  when  an  electrical  current  passes 
through  a fluid  containing  salts  of  alkalies — instance  the  fiuids  of 
the  mouth  which  are  moistened  by  the  lingual  niucosa — the  salts 
are  decomposed  ; the  acids  coming  off  freely  at  the  anode,  the 
alkalies  (which  are  immediately  oxidised)  at  the  kathode.  The 
presence  of  free  acids  at  the  positive,  of  free  alkalies  at  the 
négative  pôle,  would  tlius  very  simply  account  for  the  acid  taste 
at  the  latter.  Against  this  explanation  it  may  be  urged  that  the 
sensations  of  electrical  taste  are  also  présent  when  the  current 
does  not  enter  and  leave  by  metallic  électrodes  (in  which  case 
electrolysis  is  inévitable),  but  is  led  through  the  tongue  by  other 
electrolytes,  or  by  non-polarisable  électrodes  ; this  experiment 
lias  been  tried  by  Monro,  Volta,  and,  more  recently,  by 
Kosenthal  (47). 

“ Eosentlial  brought  two  persons  into  contact  by  the  tip  of 
their  tongue,  the  one  holding  the  positive,  the  other  the  négative 
pôle  of  a battery,  with  moist  hands  : the  first  person  lias  an  alka- 
line,  the  second  an  acid  taste.  Here  the  two  persons  are  under 
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ideiitical  conditions,  except  as  to  the  direction  of  the  current  in 
the  tongne.  Tins  is  opposite  in  the  two  snbjects,  so  tliat  they 
hâve  opposite  sensations,  although  their  tongues  are  in  contact, 
and  the  same  capillary  layer  of  fluid  covers  the  one  as  well  as 
the  other.  Eosenthal,  inoreover,  sent  the  current  of  1-4  Dan. 
through  the  hody  and  tip  of  the  tongne,  both  pôles  consisting  of 
zinc  plates  dipping  into  two  vessels  of  zinc  sulphate  : these  were 
connected  by  siphon-shaped  tubes  with  two  other  vessels,  one 
filled  with  saturated  sait  solution,  the  other  with  distilled  water. 
A pad  of  filter-paper,  also  soaked  with  distilled  water,  projected 
from  the  latter.  On  dipping  one  hand  into  the  saline  and 
touching  the  pad  of  filter-paper  with  the  tip  of  the  tongne,  the 
current  either  passed  froui  tongne  to  pad,  or  vice  vcvsa  as  legulated 
by  a reverser  in  the  circuit.  A strip  of  red  litnius-papei  was 
laid  on  the  pad  so  that  both  were  in  contact  with  the  tongue. 
The  red  paper  turned  faintly  bine  when  touchée!  by  the  alkaline 
fluid  of  the  niouth — bine  remained  unaltered.  On  closing  the 
current  there  was  a distinct  sensation  of  taste,  but  the  colour 
of  the  two  papers  remained  unchanged  with  either  direction  of 
the  current  ” (v.  Vintschgau,  le.). 

Against  the  cogency  of  these  experiments  there  is  good 
evidence  to  indicate  that  the  electrical  taste  dépends  not  upon 
electrolysis  of  the  fiuids  in  the  inouth,  but  upon  direct  excitation 
of  the  taste-nerves.  It  raust  in  the  first  place  be  remembered, 
as  pointed  out  by  du  Bois-Reymond,  that  polarisation  occurs  at 
the  interface  of  dissiviilar  clectrolytes  (Ges.  Abh.  I.  p.  1),  so  that 
under  given  conditions  there  may  be  a séparation  into  acids  and 
alkalies  (Hermann,  48).  There  is  no  reason  why  the  electrical 
taste  should  not  be  derived  from  electrolytic  processes  within 
the  liwjual  tissucs,  the  direction  of  current  being  indifferent. 
From  this  point  of  view,  Volta’s  experiment  with  a tin  beaker 
filled  with  lime  (34,  iii.  2,  p.  185)  loses  ail  point;  as  also, 
according  to  Hermann  {le.),  the  second  of  Eosenthal  s experiments, 
as  cited  above.  Neither,  however,  is  the  electrolytic  theory 
tenable,  as  appears  from  electrically  exciting  other  sense-orgaus, 
and  also  from  the  opposite  after-sensations  on  breaking  the 
current  when  the  tongue  is  stimulated.  Hermann  pointed  to  this 
last  difficulty  {le.  p.  538)  when  lie  remarked  that  an  ingoing 
depolarising  current  was  discharged  in  the  polarisée!  orgau  at 
the  moment  of  breaking  an  outgoiug  current;  this  current  is 
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only  capable  of  neutralising  the  alkali  présent,  and  not  of 
forming  acid,  so  tliat  there  should  be  no  acid  after-taste  at  the 
katliode — whicli  does,  notwithstanding,  inake  its  appearance. 

If  we  atteinpt  to  détermine  the  phenomena  in  question  as 
the  conséquences  of  direct  polar  excitation  of  nervous  organs,  we 
meet  with  an  initial  difficulty  in  deciding  which  portion  is 
primarily  excited  by  the  current  dowing  in  alternate  directions. 
Laserstein  has  contributed  to  the  solution  of  the  question  in  tlie 
communication  above  quoted.  It  is  known  that  cocaine  has  the 
property  of  abolishing  the  excitability  of  most  peripheral  sensory 
nerve-endings,  the  sense  of  taste  not  excepted.  In  Laserstein 
himself  this  was  not  fully  abolished  by  cocaine — disappearing 
hrst  for  bitter  and  sweet,  then  for  salts,  but  not  entirely  for 
acids,  though  enormously  reduced  for  these  also.  A trace  of 
acid  electrical  taste  remained  with  an  ingoing  current,  but  the 
full  strength  of  a Dan.  was  then  required,  whereas  previous  to 
the  application  a current  with  5000  ohms  principal,  and  210 
deriving,  résistance  was  sufficient.  For  Hermann,  cocaine  abolished 
ail  taste,  including  the  electrical.  This  experiment  proves 
essentially  that  the  structures,  upon  alteration  of  which  by 
current  dépends  the  sensation  of  taste,  are  situated  in  the  extrême 
peripliery.  The  strength  of  current  that  produces  these  sensations, 
as  compared  with  other  physiological  persistent  effects  of  stimula- 
tion, is  so  low  that  its  density  can  only  be  adéquate  immediately 
beneatli  the  electrode. 

If  the  trunk  of  the  nerve  also  were  traversed,  tliere  would 
each  time  be  other  sensations  in  the  région  of  the  cervical  nerves. 
Moreover,  there  can  only  be  a question  of  orientated  passage  of 
current  through  nerve-fibres  or  end-organs  immediately  under 
the  electrode,  and  it  thus  becomes  intelligible  that  when 
both  électrodes  are  applied  to  the  tongue  there  should  be  an 
acid  taste  under  the  one,  an  alkaline  taste  under  the  other. 
The  electrical  taste  therefore  dépends  cxdusively  upon  passage  of 
current  through  the  end-organs,  or  the  tdtimate  nerve-endings 
radiating  in  the  mucosa.  According  to  the  law  of  spécifie  energy, 
by  which  each  sensory  nerve,  wherever  and  however  excited, 
produces  but  one  and  the  saine  spécifie  sensation,  the  results 
from  electrical  excitation  of  the  tongue  seem  to  coincide  with  and 
witness  to  this  principle.  But  if  the  law  is  strictly  adhered  to, 
ail  nerve-fibres  being  regarded  merely  as  indiffèrent  conductors 
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of  excitation,  tlie  diitevence  iii  effect  beiiig  occasioiied  by  the 
central  or  periplieral  end-organ,  the  fact  tliat  tbe  two  diiections 
of  cnrrent  call  ont  différent  sensations  by  their  excitatory  action 
on  the  ner\''e,  or  its  end-organs  in  the  tongne,  is  contradictory. 

Whether  we  assume,  e.g.,  that  the  ascending  cnrrent  excites  the 
acid-reacting  libres  only,  or  mainly  (which  is  highly  improbable), 
or  that  the  action  of  the  ascending  cnrrent  in  each  fibre  differs 
from  that  of  the  descending,  the  law  of  spécifie  energy  is 
inevitably  contravened  if  it  is  constrned  in  the  preceding  sense. 
On  the  other  hand,  there  is  little  difficulty  in  bringing  facts  into 
line  with  theory,  to  which  indeed  they  appear  the  inévitable 
corollary,  if  the  effects  of  polar  excitation  of  the  taste-nerves  are 
viewed  as  parallel  with  the  antagonistic  polar  action  of  the 
electrical  cnrrent  in  other  excitable  substances  (muscle,  nerve). 
There  is  only  one  point  in  which  the  conséquences  of  the 
electx’ical  excitation  of  centrifugal  nerves  and  muscles  differ  from 
tlîose  in  sensory  nerves,  viz.  that  in  the  last  case  the  end-organs 
(central  ganglion-cells)  react  by  qualitatively  different  (antagon- 
istic) sensations  to  the  changes  produced  at  the  kathode,  as  well  as 
at  the  anode,  whence  it  follows  that  centripetal  nerve-fibres  must 
transmit  the  two  opposite  kinds  of  alterations. 

According  to  the  view  developed  by  Hering  it  may  be 
presumed  that  a sensory  nerve  gives  rise  to  opposite  sensations, 
according  as  the  dissimilatory  or  assimilatory  process  prédominâtes 
(Hermann,  PJlügeTS  Arch.  xlix.  p.  536).  If  we  add  that  the 
former  is  always  developed  persistently  at  the  kathode,  the 
latter  at  the  anode,  the  phenomena  of  electrical  taste  find  a 
simple  explanation  without  préjudice  to  the  law  of  spécifie  energy. 
Moreover,  the  phenomena  conséquent  on  the  electrical  stimulation 
of  other  sense-organs  will  then  be  satisfactorily  accounted  for,  since, 
as  Hermann  pointed  ont  {ff.c.  p.  537),  there  is  no  difficulty  in 
deriving  opposite  sensations  from  opposite  directions  of  cnrrent. 
In  most  cases  the  end-organs  must  be  understood,  since 

these  alone,  as  a rule,  are  perceptibly  polarised  under  experimental 
conditions.  The  ingoing  current  causes  the  assimilatory,  the 
outgoing  current  the  dissimilatory  change  to  preponderate  ; bnt 
it  must  always  be  assumed  that  the  electropolar  sensations 
are  mutually  complementary,  or  (which  amonnts  to  the  same 
thing)  stand  in  relation  of  contrast  (Hermann,  Le.). 

This  is  even  more  plainly  seen  in  the  elcetrical  excitation  of 
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the  djc  thaii  in  the  taste-sense.  The  following  tacts  are  takeii 
froni  Helnilioltz’s  latest  coimnunicatiou  (49). 

If  the  eye  is  excited  by  variations  of  cnrrent  of  adéquate 
intensity,  one  electrode  being  applied  to  the  forehead  or  closed 
eyelids  and  the  other  to  the  neck,  more  or  less  prononnced 
flashes  of  light  appear  across  the  entire  field  of  vision,  while 
if  galvanic  cnrrents  are  employed  they  occur  both  on  closing  and 
on  opening  the  cnrrent. 

Stronger  cnrrents  are  nsnally  reqnired  to  prodnce  a persistent 
effect  from  a steady  constant  cnrrent,  than  for  make  and  break 
tlashes.  In  order  to  avoid  these,  as  also  twitches  of  the  muscles 
ou  making  and  breaking  the  cnrrent,  Helmholtz  found  it  advisable 
to  place  two  métal  cylinders,  surronnded  with  paste  satnrated 
with  sait  solution,  and  conuected  with  the  two  pôles  of  a Daniell 
battery  of  12—24  cells,  at  the  edge  of  the  table  where  the  subject 
was  sitting.  The  forehead  is  firmly  applied  to  one  cylinder, 
while  the  hand  touches  the  other,  and  if  this  is  done  gradually 
the  effects  of  alternating  the  cnrrents  are  quite  inconsiderable. 
The  direction  of  cnrrent  varies  according  as  the  forehead  touches 
now  one  and  now  the  other  of  the  cylinders.  “ If  a weak 
ascending  cnrrent  is  led  through  the  optic  nerve,  the  dark  field  of 
vision  of  the  closed  eye  becomes  brighter  tban  before,  and  takes 
on  a greyish-violet  hue.  The  point  at  which  the  nerve  enters 
looks  at  first  like  a dark  circulai’  dise  in  the  bright  field.  The 
illumination  soon  diminishes  in  intensity,  and  disappears  altogether 
on  breaking  the  cnrrent.  As  the  field  of  vision  becomes 
obscured,  the  previous  blue  tinge  is  replaced  by  a contrastiug 
reddish  yellow  from  the  subjective  light  of  the  retina.”  “ On 
closure  of  the  opposite,  descending  direction  of  cnrrent  there  is  a 
marked  effect,  i.c.  the  field  of  vision  (which  is  illuminated  only 
from  the  intrinsic  light  of  the  retina)  nsnally  becomes  darker 
than  before,  and  appears  to  be  reddish  yellow  ; the  entrance  point 
of  the  optic  nerve  alone  stands  ont  as  a bright  blue  dise  upon  the 
dark  fundus.  On  breaking  this  direction  of  cnrrent  the  field  of 
vision  becomes  bright  again,  and  bluisli  white  in  colour,  while 
the  optic  dise  is  obscure.”  Other  observers  bave  described  the 
phenomena  somewhat  differently  ; the  views  of  Pdtter,  Purkinje, 
Helmholtz,  and  Brenner  are  summarised  (after  Piossbach)  in  the 
following  table. 
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After  open-  Permanent  negativity  of 
ing.  light.  Graduai  abolition 

of  all  Visual  pbenomena. 
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Witli  very  stroug  curreuts  Helmholtz  found  “ a confusion  of 
colours,”  in  which  no  rule  could  be  discovered. 

“ The  electrical  excitation  inay  also  be  confined  to  individual 
parts  of  tlie  retina,  although  it  cannot  be  sharply  localised. 
The  essentials  of  these  manifestations  hâve  already  been  de- 
scribed  by  Purkinje.  Helmholtz  made  one  conductor  out  of  a 
thin  cylinder  of  sponge  fully  saturated  with  saline  and  tightly 
boimd  to  a copper  rod  with  an  insulating  handle.  The  other 
électrode  was  placed  on  the  neck  or  grasped  in  the  left  hand, 
while  the  sponge  made  contact  with  the  skin  near  the 
external  or  internai  angle  of  the  eye,  which  can  be  rnoved  to 
and  fro  under  the  closed  eyelids.  When  the  sponge  is  positive 
electrode,  the  current  passes  on  the  proximal  side  of  the  eye 
into  and  through  the  retina,  leaving  it  again  on  the  distal 
side  ; the  reverse  occurs  when  the  sponge  is  négative, 

“ The  side  of  the  retina  at  which  current  enters  will  then 
appear  more  obscure  than  the  half  by  which  the  current  leaves 
it,  which  is  relatively  brighter.  It  is  to  be  remembered  that 
these  sensations  are  always  referred  by  the  subject  to  the 
opposite  half  of  the  field  of  vision,  as  if  the  electrical  brightness 
were  due  to  external  illumination.  The  saine  rules  hold  good 
for  the  phenomena  that  occur  when  the  electrode  is  placed 
anteriorly  upon  the  cornea,  covered  by  the  eyelid.  The  positive 
electrode  then  gives  current  from  within  outwards,  through  the 
entire  retina,  producing  the  sensation  of  brightness.”  Helmholtz 
invariably  found  that  the  optic  dise  exhibited  a contrary  effect 
from  that  of  the  surrounding  field. 

“If  positive  electricity  enters  at  the  temporal  side  of  the 
eye,  the  current  passes  from  without  into  the  peripheral  portion 
of  the  retina.  Le.  from  cônes  to  ganglion-cells,  producing  obscurity. 
But  in  the  fibres  of  the  yellow  spot  that  are  directed  towards 
the  temporal  side,  the  current  passes  from  ganglion-cells  to  cônes, 
and  produces  brightness.  The  several  effects  may  be  summed 
up  as  follows  : A constant  electrical  current  through  the  retina 
from  cônes  to  corresponcling  ganglion-cells  gives  a sensation  of 
do.rkness,  tlic  opposite  direction  of  current  a sensation  of  light.” 

This,  even  more  plainly  than  in  the  organ  of  taste,  shows 
the  antagoniism  of  sensations  with  opposite  directions  of  current 
in  the  same  end-organ  of  the  optic  nerve.  Any  interprétation 
other  than  clissimilar  action  at  the  two  pôles  is  hardly  coiiceivable. 
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It  is  obvions  tliat  we  caiinot  speak  of  any  regular  passage 
of  current  in  a giveii  direction  in  the  terminal  apparatus  of  the 
cmditorij  nerve.  Brenner  (27),  to  whom  we  owe  the  most 
extensive  researches  in  tliis  snbject,  placeci  one  (the  indifferent) 
electrode  at  any  part  as  far  removed  as  possible  from  the  ear 
(back  of  head,  chest,  hand),  while  the  other,  with  which  he 
experimented,  was  introduced  as  a fine  wire  into  the  auditory 
meatus,  after  fîlling  this  with  water,  or  applied  as  a small  knob 
covered  with  nioist  flannel  to  the  skin  near  the  meatus. 

If  the  kathode  is  used  for  the  exploring  electrode,  a Sound 
will  be  heard  on  closing  a constant  current  of  medium  strength, 
which  gradually  dies  away  during  closure  ; opening  the  circuit 
gives  no  auditory  sensation.  On  the  other  hand,  if  the  anode 
is  applied  to  the  ear  there  is  no  effect  at  closure,  while  the 
opening  is  accompanied  by  a sensation  of  Sound,  which  is  usually 
weaker  than  that  at  closure  of  the  opposite  current.  On  reversai 
from  anode  to  kathode,  auditory  sensations  are  produced  with 
an  intensity  of  current  at  which  a simple  kathodic  closure 
gives  no  reaction  (voltaic  alternative).  Oscillations  of  current, 
starting  not  from  zéro,  but  from  any  finite  value,  produce  the 
saine  auditory  sensations. 

In  character  the  galvanic  auditory  sensation  is  for  the  most 
part  in  successful  experiments,  with  not  too  strong  currents,  a 
true  musical  sound.  Kiesselbach  (49)  determined  its  pitch  as 
that  of  the  intrinsic  tone  of  his  ear.  Since  this  is  also  the 
pitch  of  the  subjective  sound  heard  with  the  so-called  singing 
in  the  ear,  Eosentlial  (7c.)  assumes  that  “ on  simultaneously 
exciting  ail  the  auditory  fibres  with  a weak  stimulus,  the 
resulting  tone  is  always  that  to  which  the  snbject  is,  as  it  were, 
most  accustomed.” 

As  regards  electrical  stimulation  of  cutancous  scnsory  ncrves 
many  opinions  bave  prevailed  from  the  tinie  of  Piitter,  the  most 
prominent  fact  being  that  an  ascending  current  produces  warmth 
during  its  closure,  while  a descending  current  gives  a cold 
sensation.  AVith  a zinc-copper  pile  of  150  couples,  the  pôles 
of  which  terminated  in  beakers  of  sait  solution  into  which  the 
liands  dipped,  du  Bois-Keymoud  experienced  “ waves  of  beat,  and 
cold  shudders,  alternately,  running  up  the  arms  to  the  shoulders.” 
He  was  unable  to  convince  himself  that  one  arm  felt  beat  and 
the  other  cold.  Goldscheider  (49),  on  the  other  hand,  with  even 
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twelve  cells,  expevieiiced  a leeliiig  of  warmtli  iii  the  arm  con- 
iiected  witli  the  anode,  but  could  not  detect  cold  in  the  other 
arm. 

VII.  Polak  Excitation  by  Currents  of  very  short  Duration 

(Induction  Currents) 

It  lias  already  beeii  repeatedly  pointed  ont  that  it  is  necessary, 
in  order  that  current  should  produce  electrical  activity  in  excitable 
substances,  that  it  should  pass  for  a certain  period,  varying  in 
absolute  value  within  a wide  range,  according  to  the  nature 
of  the  excitable  tissue.  This  is  especially  true  of  the  break 
excitation  by  the  constant  current,  which  implies,  besides  adé- 
quate intensity,  a due  period  of  closure,  since  the  anelectrotonic 
State  {i.e.  the  anodic  alterations  of  current  with  the  disappearance 
of  which  it  is  connected)  can  only  develop  fully  under  these 
conditions.  Here,  with  indirect  stimulation  of  the  muscle,  there 
can  be  no  doubt  that  the  development  of  an  adéquate  an- 
electrotonus  in  the  nerve  itself  requires  such  an  interval  : on  the 
other  hand,  there  are  cases  in  which  it  may  be  asked  whether  the 
inefhcacy  of  a make  stimulus  with  brief  currents  is  due  to  some 
property  of  the  nerve,  or  of  its  peripheral  end-organ  (muscle). 
If,  e.g.,  a single  impact  of  current,  or  induction  shock,  is  effective 
when  applied  to  the  nerve  of  a cross -striated  muscle,  and  in- 
effective when  it  acts  upon  the  motor  fibres  of  smooth  muscle, 
it  may  be  conjectured  that  the  absence  of  contraction  in  the 
last  case  dérivés  solely  from  the  muscle,  i.e.  that  the  excitation 
passing  along  the  nerve  may  be  of  the  saine  nature  and  magnitude 
as  in  "the  first  case,  but  that  it  is  inadéquate,  or  in  some  way 
inept,  to  stimulate  the  more  sluggish  tissues.  Internai  variations 
in  the  nerve  must  also  be  reckoned  as  factors. 

However  this  may  be,  the  manifestations  of  the  law  of 
contraction  undergo  considérable  modifications  with  brief  currents, 
even  where  the  most  rapidly  reacting  préparations  are  employed. 
Pflüger’s  law  of  contraction  would  lead  us  to  anticipate  that 
very  brief  currents  effect  no  opening  twitch,  and  this  is  supported 
by  experiment.  We  bave  already  seen  that  induction  currents 
(which  should  theoretically  produce  a double  excitation,  since 
they  are  equal  at  make  and  break)  act  in  striated  muscle, 
at  moderate  intensity,  from  the  kathode  only  ; and  within  a 
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certain  range  of  strength  of  current  the  sanie  is  undoubtedly 
true  of  indirect  excitation  of  the  muscle  also.  On  the  other 
hand,  we  know  that  stronger  induction  currents,  acting  upon 
curarised  mnscle,  produce  changes  at  the  point  of  entrance 
(anode)  also,  which,  if  not  invariahly  expressed  in  visible  changes 
of  form,  cannot  be  interpreted  otherwise  than  as  the  conséquences 
of  a break  excitation.  To  this  category  belong  more  especially 
the  positive  anodic  polarisation  currents  which  appear  as  the 
after-effect  of  excitation  by  single  induction  shocks.  In  nerve, 
as  in  muscle,  it  may  be  shown  by  an  y of  the  above  methods 
for  proving  the  polar  action  of  the  constant  current,  that 
both  impacts  of  current  and  single  induction  shocks  excite  within 
a certain  range  of  inteusity  at  the  kathode  only,  i.e.  that 
the  twitches  thus  discharged  must  be  defîned  as  closure 
twitches.  At  Fick’s  suggestion,  Lamansky  (50)  undertook  ex- 
periments  to  détermine  (by  v.  Bezold’s  method,  as  applied  to  the 
constant  current)  the  différence  of  latent  period,  with  ascendiug 
and  descending  induction  currents,  at  the  seat  of  stimulation. 
The  latent  period  was  found  longer  for  the  ascendiug  than  for 
the  descending  direction  of  current.  V.  Vintschgau  (51)  next 
ascertained  that  with  maximal,  or  nearly  maximal,  induction 
currents  this  différence  of  latent  period  is  considerably  greater 
than  on  exciting  with  weak  currents.  He  is  inclined  to  refer  this 
to  différences  of  spatial  extension,  and  relative  inteusity  of  the 
electrotonic  changes  in  the  nerve  produced  by  current. 

The  polar  action  of  induced  currents  is  also  manifested  in 
the  different  effects  of  excitation,  according  to  the  direction  of 
current,  in  medullated  nerve, — excitability  beiug  depressed  in 
the  région  of  the  central  electrode  (Biedermann,  30).  The 
facts  relating  to  this  point  were  already  known  to  Harless,  who 
found,  on  applying  ammonia  to  a portion  of  the  iutrapolar 
région  of  the  nerve,  “that  even  the  iutrinsically  stronger  break 
shock  had  no  effect  after  the  action  of  ammonia,  if  applied  to 
the  nerve,  at  its  former  strength,  in  the  ascendiug  direction,” 
while  the  make  shock  sent  through  the  nerve  in  the  opposite 
direction  is  effective.  With  uniform  distance  of  coil  there  is 
never  excitation  when,  with  ascendiug  direction  of  current,  the 
kathodic  section  is  rendered  inexcitable  by  ammonia  or  any 
similar  reagent,  i.c.  the  excitatory  process  can  only  proceed  from 
the  kathode.  We  learn  from  the  saine  fact  that  kathodic 
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excitcitioii  filoue  is  disclicirged  by  iiiduced  curreuts  of  fi  certfiin 
iuteiisity.  Aiialogous  experiments  to  those  witli  frogs’  nerves 
caii  easily  bc  deuionstrated  ou  warni-blooded  uerves,  iniiiiodiately 
after  division  witbout  previous  injury. 

If  two  nnpolarisable  électrodes  are  applied  respectively  to  the 
fresb  cross-section,  and  to  a point  lying  about  1 cm.  below  on 
the  rabbit’s  sciatic,  it  will  be  found  on  exciting  with  single 
induction  shocks  of  inoderate  strength  that  a tvvitch  is  discharged 
only  when  the  current  is  desceuding  in  the  nerve.  Under  certain 
conditions  this  striking  reaction  has  a methodic  value  also,  for  it 
is  clear  that  when  any  section  of  the  nerve,  within  which  approxi- 
mately  eqnal  excitability  inay  be  predicated  at  every  point,  is 
excited  with  alternating  curreuts,  each  single  niake  as  well  as 
break  shock  must  take  effect  at  a certain  distance  of  coil.  ïliis 
is  no  longer  the  case  on  stimnlating  the  eut  end  of  a warm- 
blooded  nerve.  Only  the  desceuding  direction  of  current  will 
then  discharge  an  excitation,  i.e.  according  to  the  direction  of  the 
primary  current,  the  break  shock  or  make  shock  only.  With 
gi’eater  distance  of  coil,  however,  when  the  break  induction 
current  is  eventually  alone  effective,  excitatory  action  can  only 
be  expected  when  the  current  traverses  the  nerve  in  a desceuding 
direction.  With  uniform  position  of  électrodes  and  distance  of 
coil  there  will  thus  in  the  one  case  be  a visible  effect  of  excitation, 
in  the  other  complété  absence  of  effect,  according  to  the  direction 
of  the  primary  current.  And  when  Fick  (52)  observed  that  the 
action  of  an  induction  shock  can  only  be  augmented  when  its 
kathode,  and  not  when  its  anode  falls  in  the  katelectrotonic 
région  of  a polarising  constant  current,  this  must  be  viewed  as 
direct  evidence  of  the  polar  kathodic  action  of  induced  curreuts. 
It  was  formerly  supposed  by  PÜüger  that  the  total  excitability  of 
the  iutrapolar  tract  could  be  measured  by  sending  an  induction 
shock  through  it  during  the  passage  of  the  constant  current  ; but 
this  could  only  be  correct  under  the  presumption  that  the  induction 
current  excited  the  whole  tract  simultaneously.  Pflüger  always 
made  the  induction  current  in  the  same  direction  as  the  polarising 
current,  and  therefore  tested  excitability  each  time  at  the  kathode 
(which  coincided  with  the  kathode  of  the  induced  current)  ; his 
conclusion,  that  wcak  polarising  curreuts  strengthen  the  effect  of 
the  (homodromous)  induction  current,  while  stronger  currents 
diminish  or  abolish  it,  must  therefore  be  interpreted  like  the 
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analogous  data  for  direct  excitation  of  the  muscle.  Thèse  ex- 
perimeiits  also  show  that  mere  variations  of  current  density  in 
the  nerve  (as  also  in  the  muscle)  may  excite  equally  with  the  rise 
or  fall  of  the  current  from  or  to  zéro  (make  or  break  of  the  circuit). 
Later  on,  O.  Nasse  (53),  Hermann  (53),  du  Bois-Iîeymond  (53), 
and  others  attacked  the  question  of  how  far  the  absolute  height 
of  previously  existing  polar  alterations  affects  the  discharge  of 
a twitch  from  the  muscle,  in  sudden  variations  of  intensity  in  the 
(“  electrotonic  ”)  changes  of  the  nerve  that  occur  during  closure  at 
the  kathode,  after  opening  at  the  anode.  Nasse  showed  (by  a fall 
apparatus  which  closed  or  opened  an  incrémental  current,  derived 
through  a rheochord)  a positive  or  négative  variation  of  intensity 
superposed  upon  the  existing  battery  current.  The  positive 
variation  of  descending  currents  was  found  to  be  increased  with 
weak  constant  currents,  to  be  diminished  with  stronger  currents, 
while  the  négative  variation  of  ascending  currents  was  depressed 
at  ail  strengths  of  the  constant  current.  Hermann  sums  up  the 
resuit  of  his  investigations,  on  the  Eckhardt-Pflttger  method,  in 
the  dictum  that  the  effect  of  a given  induction  current  is  raised 
(as  in  muscle)  by  homodromous  constant  currents  (provided  these 
do  not  exceed  a certain  range  of  intensity),  and  depressed  (to 
abolition)  by  opposite  currents.  Since,  as  Hermann  concludes, 
increase  of  a homodromous  current  is  équivalent  to  closure  of  a 
homodromous  or  opening  of  a heterodromous  current,  while  its 
sudden  diminution  corresponds  with  closure  of  an  opposite  or 
opening  of  a homodromous  current  (so  that  in  the  former  case 
the  Seat  of  excitation  coincides  with  a pre-existing  katelectrotonus, 
but  otherwise  with  previous  anelectrotonus),  the  experimental 
results  of  indirect,  as  of  direct,  excitation  of  the  muscle  seem  to 
be  intelligible  from  the  same  standpoint. 

If  the  exclusively  kathodic  excitation  is  thus  to  be  regarded 
as  ascertained  for  weak  iiiduced  currents,  we  must,  on  the  other 
hand,  concédé  the  probability  that  with  strong  currents  even  brief 
duration  may  develop  an  electrotonus  adéquate  to  produce  ex- 
citation in  the  descending  portion  also.  Tins  is  indicated  in 
certain  observations  of  Fick,  Lamansky,  and  others.  These 
refer,  in  the  first  place,  to  a characteristic  feature  of  the  height  of 
twitch,  in  indirect  excitation  of  the  muscle  with  very  brief 
constant  currents  (current  impacts),  on  changing  the  intensity, 
duration,  and  direction  of  the  latter.  Fick  determined  {siqn'a) 
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tliat  there  is  at  every  inteusity  of  curreut  a minimum  direction 
below  wbicb  it  cannot  fall  witliout  abolisliing  tlie  contraction  , 
wliile,  if  tire  duration  of  tire  carrent  increases  beyond  this  liinit, 
tire  twitcb  rises  steadily  from  zéro,  and  gradually  reacbes 
tire  maximum  possible  at  that  strength  of  carrent.  The 
time-values  involved  are  very  low  in  excitation  of  the  neive. 
A duration  of  0‘002  sec.  is  the  maxinrum.  Fick  finds  that  thc 
incrcasc  of  tioitch  does  not  procecd  constantly  with  increasing 
duTütioii  of  et  cuTTcnt  of  u'iiifoT7ïi  stTongtlh  descending  in  thc  nci'vc, 
hit  that  thc  vise  is  intermittent  : thc  twitches  incrcasc  again  after 
an  initial  maximum,  if  thc  passage  of  thc  currc7it  is  jorolonged. 

If,  e.g.,  a descending  carrent  of  given  strength  discharges  a 
maximal  twitch  with  a closure  of  0-003-0‘004  sec.,  this  will  not 
increase  with  further  increase  of  curreirt  intensity,  provided  the 
current  continues  to  pass  for  a very  short  time  only.  But  if  the 
same  current  is  persistently  closed,  a twitch  results  which  is  con- 
siderably  in  excess  of  the  nltimate  maximum  from  the  momentary 
action  of  carrent,  i.e.  is  in  a certain  sense  a supramaximal  con- 
traction. This  can  only  mean  that  the  kathodic  make  excitation 
exhibits  the  greatest  possible  maximum  in  conséquence  of  the 
prolonged  passage  of  the  current,  as  is  expressed  in  both  direct 
and  indirect  excitation  of  the  muscle  by  the  fact  that  no  in- 
duction shock,  however  energetic,  can  effect  the  same  degree  of 
contraction  as  the  closure  of  even  a moderato  constant  current. 
Single  induction  shocks  never  elicit  more  than  the  relative  niaxi- 

O 

mum,  that  is  not  exceeded  in  brief  constant  currents  also  (Fick, 
Le.  p.  25).  Between  these  extremes  of  brief  impact  of  curreut, 
and  persistent  closure,  it  is  quite  possible  that  the  irregular  increase 
in  height  of  twitch  with  increasing  closure  dépends  partly  upon 
an  anodic  break  excitation,  siuce  the  effects  of  the  closure  and 
immediately  succeeding  opening  excitation  are  summated  in  the 
muscle.  In  favour  of  this  interprétation  we  hâve  in  the  fîrst 
place  the  fact  that  (as  Fick  discovered  later)  the  same  pheuomena 
appear  with  descending  induction  currents,  of  increasing  intensity, 
since  after  reachiug  a first  maximum  the  twitches  rise  again  to  a 
second. 

Along  with  tliese  data  we  hâve  the  still  more  weighty 
observations  of  Fick  (54).  He  found  that  with  ascending 
impacts  of  constant  currents  the  twitches  declined  after  the 
first  maximum  to  zéro  (the  so-called  “ breach,”  Lürhc),  so  soon  as 
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tlie  passage  of  tbe  current,  wliich  remaiiiecl  at  uniform  strength 
tlirougliout  the  experimeut,  exceeded  a certain  value.  If  the 
experiineiit  was  tlien  cüiitiiiued  witli  increasing  duration  of 
current,  tlie  twitches  reappeared  and  rose  to  a second  maximum, 
froin  which  point  tliey  remained  constant  witli  further  extension 
of  stimulation.  The  saine  effect  appears  when  the  strength  of 
the  shock  is  varied  with  unaltered  duration  of  current  ; further, 
with  diminishing  values  of  current  duration  the  diminution 
and  disappearance  of  the  twitches  implies  increasing  strength 
of  current  (Tigerstedt,  54,  p.  4).  Fick  subsequently  deter- 
mined  the  saine  effect  with  asceuding  induction  currents,  since 
here  too,  with  increasing  intensity,  there  is  a “ breach  ” after 
the  first  maximum,  followed  by  renewed  twitches  with  further 
increase  of  current  intensity,  which  sooii  become  “ supramaximal.” 
The  existence  of  the  breach  was  confirmed  by  Tiegel  (55), 
and  again  by  Grützner  (55).  Tiegel  daims  to  hâve  seen  it 
with  both  ascending  and  descending  currents.  Grützner,  like 
Tigerstedt,  on  the  other  hand,  failed  to  discover  it  with  descend- 
ing induction  currents.  The  effect  is  quite  regular  with  ascending 
induction  currents.  The  twitches — beginning  at  a given,  and 
under  uniform  conditions  of  experiment  fairly  constant,  strength 
of  current  (distance  of  coil)  — diminish  rapidly,  and  theu 
gradually  rise  again.  The  diminution  in  height  with  increasing 
strength  of  current  occasionally  fails  to  reach  the  zéro,  so  that 
here  the  breach  is,  as  it  were,  iinperfect.  As  regards  its  interpré- 
tation, the  breach  must,  according  to  Fick,  be  viewed  as  a resuit 
of  inhibition  at  the  positive  pôle,  which  at  a certain  strength 
(duration)  of  current  is  sufficient  to  neutralise  the  excitation 
proceeding  from  the  négative  pôle.  The  character  of  the  twitches 
appearing  after  the  breach  will  be  discussed  later.  The  diminution 
and  abolition  of  the  twitches  with  an  ascending  shock,  or 
induction  current,  would  thus  be  perfectly  analogous  with  the 
corresponding  phenomena  of  the  ascending  constant  current 
(Fick,  55).  Grützner’s  theory,  according  to  which  the  breach  is  to 
be  referred  to  a sort  of  interférence  between  pre-existing  différ- 
ences of  potential  between  nerve  current  and  exciting  current, 
was  finally  disproved  by  Tigerstedt.  The  strongest  evidence  in 
favour  of  Fick’s  view  is  the  fact  that  the  breach  only  appears 
with  ascending  direction  of  current  ; if  the  inhibition  at  the 
kathode  is  not  strong  enough  to  neutralise  the  kathodic  excita- 
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tion  completely,  tliere  is  inerely  a diminution  in  lieiglit  of  the 
twitclies.  In  cnrrents  of  brief  duration  tlie  inhibition  bas  not 
tiine  to  develop  adequately  and  produce  a breacb  ; nnless,  at  ail 
eveuts,  tbe  currents  employed  are  excessively  strong.  Tins  is 
doubtless  tbe  reason  tbat  tbe  breacb  is  not  produced  as  readily 
witb  break  as  witb  inake  induction  currents  (Tigerstedt,  54),  at 
least  in  cases  in  wbicb  tbe  priniary  circuit  is  fully  opened. 

If  \ve  accept  Fick’s  explanatiou  of  the  cause  of  tbe  breacb, 
the  reappearance  of  tbe  twitclies,  and  tbeir  rise  above  tbe  initial 
maximum  (“  supramaximal  contractions  ”),  demand  a spécial 
interprétation,  more  particularly  wben  tbe  effects  of  asceuding 
excitation  witb  tbe  constant  current  is  compared  witb  tbat  of 
single  induction  sbocks,  from  tbe  point  of  view  of  Pflüger’s  law  of 
contraction.  In  tbe  former,  tbe  make  twitcb  never  reappears 
after  tbe  tbird  stage,  wbatever  tbe  augmentation  of  current 
intensity,  tbe  break  excitation  alone  being  effective.  Presumably 
tbe  twitclies  wliicli  appear  beyond  tbe  breacb  ou  stiniulating  witb 
asceuding  impacts,  or  witb  single  asceuding  induction  currents, 
niay  be  viewed  as  hreak  twitclies.  Tbese,  as  we  bave  said,  begiu  to 
increase  again  after  tbe  breacb,  and  witb  protracted  rise  of  stimulus 
niay  gradually  reacb  tbe  sanie  beigbt  as  before.  In  sonie  cases, 
but  not  always,  tbe  twitclies  rise  witb  increased  streiigtb  of 
current  beyond  tbe  first  maximum,  and  reacb  a considerably 
greater  beigbt  (i.c.  are  “supramaximal”);  Tigerstedt  (/.c.  p.  22) 
bas  shown  tbat  wben  supramaximal  twitclies  do  not  appear  eveu 
witb  the  coils  pusbed  home,  it  is  quite  easy  to  call  tbeni  out  if 
the  nerve  is  furtber  excited  witb  uuiforin  direction  of  current  at 
the  sanie  rbytlim.  Wbether  tbis  is  due  to  a kind  of  sumniation 
of  effects,  or  to  otber  changes  in  tbe  nerve  produced  by  current, 
niust  for  the  moment  be  left  undetermined.  It  is  easy  to  see 
tbat  the  appearance  of  supramaximal  twitclies  witb  brief 
descending  currents,  as  described  above,  can  be  interpreted 
on  the  same  principle.  On  tbe  tbeory  of  Fick  \ve  bave  bere 
only  sumniation  of  the  excitations  produced  by  tbe  rise  and 
fall  of  current.  Witb  descending  currents  we  know  tbat  ex- 
citation proceeds  from  tbe  pôle  proximal  to  tlie  niusele.  On 
its  passage  to  the  muscle  it  tberefore  eucounters  no  inhibition, 
and  arrives  witb  undiminislied  strengtb.  But  wben  a (break) 
excitation  starts  from  the  positive  pôle  of  tbe  induction  current, 
it  bas  a longer  course  tban  tbe  make  excitation,  and  reacbes 
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tlie  muscle  perceptibly  later.  Let  tlie  make  excitation  be 
maximal  ; if  tlie  twitch  wliich  it  iuduces  begins  in  tlie 
muscle  before  tlie  terminal  excitation  arrives  tliere,  summation 
of  tlie  two  twitclies  miist  ensue — tliere  is  “ supramaximal  ” 
contraction.  The  tinie-relations  of  tlie  two  curves  harmonise 
witli  tliis  conclusion. 

Fick  fouiicl,  in  tlie  course  of  an  experinient  on  tlie  latent 
period  of  twitclies  with  increasing  intensity  of  current,  tliat  tlie 
first  (considerably  reduced)  contraction  after  tlie  breach  showed  “ an 
enormous  prolongation  of  latent  excitation.”  Tliis  cannot  be  due 
to  diminislied  strengtli  of  stimulation  immediately  after  the  breach, 
for,  even  when  the  twitclies  after  considerably  exceed  those 
antécédent  to  it,  the  latency  in  the  former  is  measurably  greater 
thau  in  the  latter.  Tliis  sharp  distinction  between  the  twitclies 
before  and  after  the  breach  déterminés  theni  not  to  be  perfectly 
homogeneous.  It  bas  been  pointée!  out  by  Waller  (56)  that  the 
latency  of  break  twitches  with  the  constant  current  is  much 
greater  than  that  of  the  make  twitches,  and  Biedermann  confirms 
tins  fact.  If  the  twitches  after  the  breach,  as  well  as  those 
which  bridge  it  with  falling  strength  of  current,  really  correspond 
with  the  break  twitches  of  the  constant  current,  we  should  a 
'priori  expect  them  to  exhibit  the  sanie  characteristics  in  regard 
to  the  latent  period. 

Summing  up  the  previous  data,  it  may  be  stated  with  great 
probability  that — “ The  twitches  before  the  breach  are  discharged 
by  the  impact  of  an  induction  current  (shock)  ; these  hâve  a brief 
latent  period  ; the  twitches  after  the  breach,  as  well  as  the  twitches 
which  bridge  it  with  dimiiiishing  intensity  of  stimulus,  are 
caused  by  the  disappearance  of  the  brief  current.  These,  like 
ail  opening  twitches,  hâve  a long  latent  period  in  comparison 
with  the  closure  contraction.  When,  with  falling  strength  of 
current,  the  point  is  reached  at  which  the  inhibition  at  the 
positive  pôle*  can  no  longer  hinder  the  transmission  of  the 
excitation  to  the  muscle,  the  short  latency  (siiddenly)  reasserts 
itself  ” (Tigerstedt). 

If  certain  “supramaximal”  twitches  thus  dépend  upon  suni- 
niation  of  the  anodic  and  kathodic  excitation,  we  may  expect  to 
demonstrate  the  sanie  by  separatiug  the  two  stiniuli  so  far  in  finie 
tliat  the  interval  should  be  at  least  as  great  as  the  latent  period 
of  the  contraction.  Tliis,  according  to  Fick  and  Laniansky,  could 
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be  accomplislied  by  lengtliening  the  intrapolar  région.  In  order 
to  obtain  the  iiecessary  interval  between  kathodic  and  anodic 
stimulation,  tlie  intrapolar  tract  must,  liowever,  be  at  least  150 
inin.,  condnctivity  being  reckoned  at  30  ni.,  and  the  latent 
period  at  O’OOS  sec.  It  is  not  possible  to  produce  suinmation 
of  muscular  contraction  by  tliis  ineans  witli  induction  currents  in 
frog-preparations  (Mares,  57).  On  the  other  hand,  the  inethod  of 
time-measurements  still  further  supports  the  assumed  bipolar 
excitation  from  strong  induction  currents.  If,  i.e.,  the  excitation 
occurs  at  one  pôle  only — ^tlie  katliode — the  latent  period  of  the 
inuscle-twitch  must  (as  is  indeed  well  established)  be  longer  with 
ascending  than  with  descending  direction  of  current,  and  that 
proportionately  with  the  time  occupied  by  rate  of  transmission 
in  the  intrapolar  région.  If,  on  the  contrary,  excitation  takes 
place  at  ioth  pôles,  the  latency  with  both  directions  of  current  is 
equal,  and  corresponds  with  the  excitation  from  the  pôle  proximal 
to  the  muscle.  Tins  presumption  was  experimentally  verified  by 
MareS  (Le.). 

VIII.  Effect  of  Eepetition  of  Stimulus 

Xo  matter  what  conception  we  adopt  of  the  nature  of  the 
excitatory  process,  it  is  always  interesting  to  see  in  any  appropriate 
terminal  organ  the  effect  of  several  simultaneous  or  successive 
stimuli  at  different  points  of  the  nerve.  We  hâve  already  referred 
to  the  case  of  bipolar  excitation  by  induced  or  constant  currents, 
but  still  greater  interest  attaches  to  the  action  of  simultaneous 
stimuli.  M priori  it  is,  as  Hermann  points  out,  most  probable 
that  the  two  independent  processes  of  excitation  travel  undisturbed 
over  the  nerve,  at  an  interval  corresponding  with  the  distance 
between  the  two  points  of  stimulation,  and  arrive  successively  at 
the  terminal  organ.  The  resulting  effects  must  dépend  solely 
upon  the  nature  of  the  end-organ.  In  muscle,  e.g.,  the  second 
stimulus  would,  according  to  the  interval,  be  ineffective,  or  would 
cause  a superposed  twitcb,  or  a second  independent  twitch. 
Eveil  wlien  two  excitations  meet  in  the  same  fibre,  an  undisturbed 
passage  in  either  direction  is  conceivable  ; and  such  an  encounter 
must,  in  fact,  take  place  in  every  simultaneous  stimulation  of  two 
points  of  a nerve,  since  the  upper  excitation  cannot  reach  the 
muscle  witliout  Crossing  the  lower  impulse,  which,  of  course. 
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travels  up  as  well  as  downwards  (Hennami,  34,  p.  109).  Ail 
observations  bitherto  inade  on  this  point  refer  exclusively  to 
experiinents  witli  two  electrical  stiinuli.  Tlie  results  of  tliis 
inetliod,  whicli  bave  been  variously  diagnosed  as  summation,  or 
as  interférence  effects,  are  by  no  means  free  frora  ambiguity.  In 
nsing  electrical  stinuili,  i.e.,  we  inust  take  into  considération  not 
inerely  the  combination  of  two  independent  processes  of  excitation, 


Fig.  :i00. — Schéma  for  simultaneous  excitation  of  a nevve  by  induction  shocks  at  different 

points.  (Werigo.) 

but  also  (owing  to  tlie  nature  of  the  electrical  stimulus)  alterations 
in  tlie  conductivity  of  the  nerve,  whicli  are  unfavourable  to  the 
integrity  of  the  experiment. 

Grünhagen  (58),  in  order  to  obtain  the  absolutely  simultaneous 
action  of  two  or  more  distinct  currents  upon  different  points  of 
a nerve,  devised  the  method  of  leading  the  current  from  a 
sufficiently  strong  battery  through  two  or  more  primary  induction 
coils,  with  as  many  corres])onding  secondary  coils.  Every  closure 
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or  opening  of  the  batteiy  circuit  will  then  discharge  absolutely 
siiiiultaiieous  induction  currents  in  ail  tbe  secondary  coils, 
and  tbese  can  be  led  olf  to  points  of  tlie  nerve  by  ineans  of  un- 
polarisable  électrodes.  The  inethod  is  sliown  in  the  accompanying 
diagram  (Fig.  200)  froin  Werigo  (58). 

Four  combinations  are  possible,  relatively  to  the  direction  of 
the  two  exciting  currents.  These  niay  either  be  homodronious 
(asceuding  or  descending),  or,  with  opposite  direction,  niay  flow 
to  or  from  each  other,  so  that  with  the  lirst  the  kathodes,  with  the 
second  the  anodes,  are  in  juxtaposition.  If  current  intensity 
is  so  adjusted  that  one  current  in  itself  gives  minimal,  the  other 
no  contraction,  both  shocks  being  in  the  ascending  direction,  a 
reciprocal  effect  appears  ; i.c.,  with  not  too  great  a distance 
between  the  exciting  électrodes,  the  ascending  stimulus  directed 
towards  the  muscle  (peripheral),  and  of  itself  inadéquate  (infra- 
minimal),  perceptibly  augments  the  action  of  the  central, 
ascending  current,  wldle  conversely  a central,  ascending,  infra- 
minimal  stimulus  inhibits  the  already  minimal  effect  of  an 
ascending,  peripheral  current.  If  both  induction  currents  are 
descending,  the  same  effects  as  in  peripheral,  inframininial 
excitation  hold  good  of  the  central,  and  vice  versa.  If  the 
currents  flow  towards  each  other,  the  final  effect  is  that  of 
mutual  augmentation,  until  a maximal  twitch  may  arise  from 
two  stimuli,  each  perse  ineflfective;  while  with  not  undue  distance 
between  the  excited  parts  an  antagonistic  inhibition  may  be 
detected. 

These  results  coincide  with  those  of  Sewall  (58),  and  are 
easily  reduced  to  the  iiolar  action  of  the  current.  “ Augmentation 
will  invariably  be  fonnd  on  applying  the  exciting  current  in  the 
vicinity  of  the  kathode  of  the  modifying  current,  with  the 
converse  diminution  when  it  is  sent  in  near  the  anode.”  Always, 
however,  the  increase  of  excitability  in  the  katelectrotonic  région 
is  more  strongly  marked  than  its  diminution  in  that  of  anelectro- 
tonus.  If  both  shocks  are  effective,  even  if  unequally,  the 
distance  between  the  two  excited  parts  being  such  that  electro- 
tonic  effects  are  absolutely  excluded,  the  muscle  reacts  to 
the  stronger  excitation  only — and  that  as  if  tins  alone  were 
présent.  There  would  thus  seem  to  be  no  real  interférence  in 
the  sense  of  addition  or  subtraction  of  stimuli.  If  the  distance* 
between  the  excited  parts  is  reduced,  the  effects  become  much 
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more  complicated  (owing  to  tlie  interférence  of  electrotonic 
alterations  of  excitability)  tlian  wheii  one  sliock  only  is  acting  ; 
since  both  tbe  modification  of  the  central  current  by  tlie 
periplieral  and  tliat  of  tbe  peripheral  by  tbe  central  tben  corne 
into  play.  In  sucb  cases,  ail  tlie  resnlting  pbenomena  are  in 
line  witb  tbe  laws  of  electrotonns. 

Kaiser  (59)  bas  recently  described  a spécial  case  of  interférence 
between  two  excitations  discbarged  at  difierent  points  of  a nerve. 
He  found,  i.e.  witb  simultaneous  excitation  of  tbe  frog’s  sciatic 
at  two  points  as  far  apart  as  possible,  on  tbe  one  band  by  tetanising 
alternating  currents,  on  tbe  otber  by  glycerin,  tbat  tbe  glycerin 
tetanus  was  sometimes  inbibited  at  tbe  beginning  of  and  dnring 
tbe  electrical  stimulation.  Since  tbe  sanie  effect  appears  in  tbe 
simultaneous  action  of  two  different  cbemical  stimuli  (glycerin 
and  KaCl,  or  glycerin  at  botb  points),  explanation  by  electrotonic 
alterations  of  excitability  is  ah  initia  excluded.  Wben  tbe  same 
cbemical  stimulus  acts  upon  two  distinct  points  of  tbe  nerve, 
tbere  is  at  rnost  a very  moderate  tetanus,  tbe  sudden  strengtbening 
of  wbicb  after  amputating  tbe  upper  seat  of  excitation  is  very 
striking.  It  seenis  tolerably  certain  tbat  tbe  inhibition  tbat 
occurs  in  nerve-fibres,  subjected  simultaneously  at  two  distinct 
points  to  tetanising  stimuli,  is  due  to  processes  wbicb  run 
tbeir  course  in  tbe  nerve  itself.  Since  tbe  négative  varia- 
tion  (as  sbown  by  tbe  capillary  electrometer)  is  invariably 
augmented  under  tbese  conditions,  instead  of  diminisbing,  as 
migbt  a priori  be  expected,  tbere  cannot  be  merely  an  inter- 
férence effect  of  tbe  electrical  waves  of  variation  in  tbe  nerve,  in 
tbe  pbysical  sense  tbat  tbey  are  neutralised  by  tbe  coincidence 
of  unequal  phases.  According  to  Kaiser,  tbere  must,  wbenever 
an  excitatory  wave  is  overtaken  and  submerged  by  tbe  following 
wave,  be  “ summation  of  negativity  in  the  coincident  points,”  so 
tbat  in  tbe  given  case  “ tbe  waves  of  excitation  resnlting  froni 
tbe  two  stimuli  are  more  or  less  fused  togetber,  and  tbe  amplitude 
of  tbe  variation  sinks  below  tbe  linien  required  to  evoke  action 
from  tbe  muscle.” 

We  already  know  from  innumerable  examples  tbat  simple 
summation  of  excitatory  conditions  may  occur  at  any  point  of 
tbe  nerve,  inasmucb  as  tbe  excitability  of  any  part  of  tbe 
*iierve  appears  to  be  beigbtened  wben  it  is  tbe  seat  of  a weak 
and  intrinsically  inadéquate  (latent)  excitation. 
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TX.  Unii'olau  Excitation 

Under  certain  conditions,  excitation  with  induced  currents 
brings  to  light  plienomena  which  are  not  nierely  of  tlieoretieal 
interest,  but  bave  great  practical  value  in  ail  experimental  observa- 
tions. Ainong  these  is  tlie  so-called  unipolar  excitation  by  in- 
duction, ürst  noted  and  worked  ont  by  du  Bois-Eeyniond  {Le.  p. 
423).  The  facts  underlying  the  eiitire  subject  are  as  follows  : “ If 
tbe  nerve  of  a rlieoscopic  leg  is  connected  witli  one  end  of  an  open 
induction  circuit,  either  the  leg  or  the  other  terminal  of  the  circuit 
being  led  off  to  earth,  a twitch  occurs  each  time  that  an  excitatory 
process  is  set  up  near  the  circuit,  sufficient  to  hâve  produced  a 
secoudary  current  in  the  circuit  if  it  had  been  closed  ” {Le.  p. 
429).  This  occurs  even  with  complété  insulation  of  the  prépara- 
tion, and  also,  at  a given  (short)  distance  of  the  coils,  when  there  is 
no  lead-off  to  earth  (by  touching  the  préparation,  or  connecting  the 
other  free  pôle  wûth  the  ground).  The  excitation  fails  when 
the  metallic  end  of  the  induction  circuit  is  led  off  by  contact  above 
or  below  the  point  on  which  the  nerve  rests,  or  when,  with  the 
nerve  hanging  freely,  contact  is  made  with  the  préparation,  and 
the  muscles  are  led  off  by  touching  them.  In  the  first  case, 
lia;aturing  or  crushing  the  nerve  does  not  inhibit  the  excitation, 
seeing  that  the  nerve  is  traversed  by  electricity  in  its  entire  length, 
inclusive  of  the  crushed  part.  Pflüger  (2,  pp.  57, 121,  410)  found 
that  break  shocks  were  markedly  the  most  effective — explained  by 
du  Bois-Eeymond  as  due  to  delay  in  charging  the  secoudary  coil, 
by  the  development  of  the  extra  current. 

In  order  to  produce  unipolar  excitation,  it  is  not  necessary  to 
lead  off  from  one  pôle  to  an  infinité  conductor  (such  as  the  earth). 
The  effect  on  the  contrary  appears,  as  first  pointed  out  by  Pflüger 
{Le.  p.  128  f.),  even  when  the  led-off  pôle  is  in  contact  with  a 
coraparatively  small  surface,  the  more  so  in  proportion  as  the 
P.I).  arising  from  the  E.M.F.  due  to  induction  is  higher.  “ The 
degree  of  unipolar  action  increases  rapidly  with  the  magnitude 
of  the  lead-off,  unipolar  stimulation  being  greater  at  any  given 
point,  with  a restricted  leading-off  surface,  in  proportion  as  this 
point  lies  nearer  tlie  seat  of  unipolar  action  at  the  métal  pôle.” 
Pflüger  placed  a row  of  frogs’  legs  (4-6)  upou  a glass  plate,  after 
insulating  ail  tlie  apparatus  as  carefully  as  possible,  so  that  only 
the  nerve  of  the  first  touched  the  (single)  métal  pôle,  that  of  the 
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second  tlie  fuot  ol'  Uie  tirst,  tliat  uf  tlie  tliird  tlie  foot  of  tlie 
second,  and  so  on.  Graduai  approximation  of  tlie  coils  of  tlie 
induction  apparatus  caiised  eacli  leg  to  twitcli  in  succession.  Tins 
shows  tliat  “ unipolar  action  in  tlie  vicinity  of  the  métal  pôle  is  a 
fallacy  likely  to  occur  even  witli  scrupulous  insulation.” 

Under  certain  conditions  the  effect  of  “induction”  is  very  béné- 
ficiai to  unipolar  excitation.  Du  Bois-Eeymond  had  occasionally 
observed,  when  the  linger  was  hrought  doser  to  a uerve-muscle 
préparation  attached  only  to  one  pôle,  tliat  twitches  appeared 
which  were  not  otherwise  présent  at  tlie  sanie  strength  of  current. 
This — as  found  hy  -F.  W.  Zahn  (GO) — is  the  case  not  nierely 
when  the  free  end  of  the  circuit  is  led  off  hy  contact  with  the 
other  hand,  but  even  without  this.  Zahn  modified  this  experiment 
in  many  ways.  He  placed  the  préparation  upon  a round  glass 
plate,  the  under  surface  of  which  was  covered  with  tinfoil  to 
within  10  cm.  from  the  edge.  On  connecting  one  pôle  with  the 
leg,  the  other  with  the  sheet  of  tin,  tetanus  appeared  even  with 
weak  currents.  The  same  thing  occurs  with  rather  stronger 
currents  when  the  limb  is  disconnected  from  the  secondary  coil, 
at  the  moment  of  leading  off  by  contact,  or  when  the  free  métal 
pôle  is  grasped  in  one  hand  while  the  other  is  brouglit  near  the 
préparation.  The  experiment  is  still  more  successful  if  the 
glass  plate  is  evenly  covered  on  both  sides  with  métal,  turning  it 
into  a Franklin’s  Board.  If  one  sheet  is  then  connected  with 
one  pôle,  the  other  with  the  nerve  of  the  préparation,  while  tlie 
leg  hangs  over  the  non-metallic  glass  edge  and  makes  contact 
with  the  other  free  pôle,  so  tliat  the  circuit  is  iuterrupted  only 
by  the  glass  dise  between  the  two  sheets  of  tinfoil,  twitching 
and  tetanus  are  set  up  with  even  weak  currents.  The  resuit  is 
the  sanie  on  connecting  one  end  of  the  induction  circuit  with 
the  lower  sheet,  while  the  other  terminâtes  in  a plate  of  tinfoil 
hrought  close  to  the  leg.  With  the  coils  pushed  home,  there  is 
also  stimulation  when  one  end  of  the  circuit  is  left  free  and 
isolated,  ou  bringing  a plate  of  tinfoil  sufficieutly  near  to  the 
limb. 

Tiegel  (60)  connected  one  pôle  of  an  induction  apparatus  with 
a gas-pipe,  while  tlie  other  terminated  in  an  isolated  métal  plate 
whicli  could  be  moved  towards  a correspouding  plate  standing 
opposite  to  it.  The  latter  was  iii  circuit  with  a glass  plate 
covered  with  tinfoil,  on  which  the  préparation  was  lying.  Each 
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tiine  tlie  inuscle-nerve  was  touclied  there  was  excitation,  vavying 
in  strength  witli  the  distance  between  tlie  plates,  and  susceptible 
witli  a snitable  lead-otf  (by  a tine  métal  point)  of  very  exact 
localisation.  In  tliis  case  also,  tlie  break  sliocks  only  took  effect. 
Scbifî  and  rnchs  (60)  also  obtained  unipolar  action  without 
induction,  with  the  exclusive  action  of  static  electricity.  Tliey 
carried  the  charges  froni  the  ends  of  an  open  circuit  into  a large 
conductor,  or  the  plates  of  a condenser,  and  then  led  theni 
through  an  excitable  nerve.  The  following'  experiment  by 
l’osenthal  (60)  is  also  suggestive.  A nerve-muscle  préparation 
insulated  on  a glass  plate,  upon  -which  the  herve  and  muscle  lie 
in  a trough,  is  suddenly  brougbt  near  a charged  conductor,  held 
by  au  insulated  glass  handle,  on  which  a small  twitch  may  occur 
when  the  end  of  the  nerve  is  proximal  to  the  conductor, — never, 
on  the  other  hand,  when  the  conductor  is  brought  near  the 
muscle  end.  But  if  in  the  last  case  the  nerve  is  led  off  by 
contact,  or  even  connected  with  an  insulated  conductor  of  any 
size,  there  is  always  marked  excitation. 

The  theory  of  unipolar  excitation,  of  which  we  hâve  thus 
been  considering  some  instructive  instances,  was  essentially 
developed  by  du  Bois-Eeymond,  who  showed  that  it  depended 
upon  the  electrical  potential  at  the  two  free  ends  of  an  induction 
coil.  At  the  moment  of  opening  or  closing  the  primary  circuit, 
an  open  secondary  circuit  represents,  as  it  were,  an  open  battery, 
with  free  electricity  at  its  two  ends.  If  each  pôle  of  the  secondary 
coil  is  connected  respectively  with  the  nerve  of  a frog’s  leg,  hoth 
préparations  twitch  if  one  of  them  is  led  off  to  earth — because 
both  nerves  are  traversed  by  the  flowing  electricity,  in  opposite 
directions.  The  sanie  thing  of  course  takes  place  when  only 
one  métal  pôle  is  connected  with  the  nerve  of  a préparation,  the 
lead-off  being  either  from  the  leg  or  froni  the  other  free  pôle. 
The  electricity  necessary  to  charge  the  leg  always  llows  through 
the  nerve,  and  thus  excites  it.  Obviously,  the  inteusity  of 
the  excitation  dépends  in  first  degree  upon  the  amount  of 
electricity  flowing  through  the  nerve — increasing  accordingly 
with  différence  of  potential,  approximation  of  coils,  and  lead-ofl‘ 
from  free  pôle.  Augmentation  of  the  electrical  capacity  of  the 
leg  produces  the  sanie  resuit.  To  this  is  due  the  favoiirable 
eflect  of  connecting  up  a unipolar  préparation  with  conductors 
of  a larger  surface  (hunian  body,  etc.),  as  well  as  the  approxinia- 
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tioii  of  a iieutral  body,  or  better,  of  a coiiductor  coiitaiiiiiig  tbe 
opposite  charge,  from  tlie  otlier  end  of  the  coil  ( = induction). 

Wlien,  as  in  tbe  above  experiment  froin  ïiegel,  one  pôle  of 
tbe  secondary  coil  is  led  off  to  earth,  tbere  must  at  tbe  moment 
of  induction  be  a certain  (positive  or  négative)  charge  (potential) 
at  tbe  métal  plate  connected  witb  tbe  otlier  pôle,  which  must  be 
twice  as  great  as  it  would  be  if  tbe  otlier  pôle  were  not  led  off. 
ïlie  effect  of  induction  upon  the  second  insulated  métal  plate, 
parallel  to  tbe  first,  is  to  set  uj)  a potential  of  the  opjiosite  sign 
which  varies  with  the  distance.  At  the  next  moment,  the  négative 
electricity  (let  us  say)  of  the  charged  pôle  -flows  througli  the 
secondary  coil  to  the  other  pôle,  and  the  positive  electricity  of 
the  plate  charged  by  induction  flows  through  the  nerve-muscle 
préparation  to  earth,  whereby  excitation  is  produced. 

The  unipolar  effects  that  occasionally  appear  (as  was  again 
pointed  ont  by  du  Bois-Eeymond)  with  incomplète  closure  of  the 
circuit  are  of  great  practical  importance  in  ail  electrical  experi- 
ments  with  induced  currents.  If  the  nerve  of  a frog-’s  leg  is  laid 
across  two  électrodes  connected  with  tbe  pôles  of  a secondary 
coil,  so  as  to  close  tbe  induction  circuit,  a ligature  being  then 
applied  to  the  myopolar  tract,  tetanus  may  still  be  observed  in 
tbe  isolated  leg,  on  making  the  lead-off  from  it  at  a certain 
distance  of  coil.  It  is  évident  that  the  saine  would  occur  if  the 
nerve  were  eut  away  above  the  crushed  and  no  longer  conducting 
point,  and  replaced  by  any  moist  couductor.  Here,  as  in  ail  the 
préviens  experiments  with  an  open  circuit,  the  direction  of  the 
unipolar  passage  of  the  current  makes  itself  apparent,  in  accordance 
with  the  law  of  contraction.  Excitation  occurs  only  with  charges 
in  which  positive  electricity  leaves,  or  négative  electricity  enters, 
the  nerve.  These  unipolar  effects  may  obviously  be  very  dis- 
turbing,  and  are  indeed  productive  of  fallacies  in  vivisection,  and 
also  in  experiments  with  the  galvanonieter,  if  not  avoided  by  due 
précautions.  Hering  (61)  bas  pointed  ont  that  in  experiments 
such  as  the  investigation  of  the  négative  variation  of  nerve 
currents,  in  which  galvanometers  and  exciting  circuits  are 
separated  by  a long  tract  of  nerve,  the  most  complété  insulation 
of  the  two  circuits  is  no  guarautee  against  the  overflow  of 
induced  electricity  through  the  interpolar  part  of  the  nerve  into 
the  galvanonieter  circuit. 

Tliere  must  always  be,  along  with  the  short-circuiting  through 
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the  interpolai’  tract,  a flowiiig  off  in  tlie  coniplex  of  concluctors 
which  forins  the  galvanoineter  circuit,  and  which  ninst  (however 
well  insulated)  be  connected  tlirongh  the  nerve  with  the  secondary 
coil.  Hering  fnrther  sliowed  by  spécial  experiinents  that  the 
sndden  charges  and  discharges  in  tlie  galvanometer  circuit,  caused 
nnder  ail  conditions  by  the  interpolar  Ilow  of  electricity,  do 
not  as  a rule  produce  any  dellection  of  the  inagnet. 

The  following  experiment  denionstrates  plainly  in  what 
degree  the  connection  of  the  nerve  with  the  galvanometer  circuit 
is  responsible  for  nnipolar  excitation.  “ A sciatic  nerve,  still  in  con- 
nection with  the  leg,  was  laid  across  the  exciting  and  galvanometer 
électrodes  just  as  in  the  détermination  of  the  négative  variation 
(exciting  tract  =5  mm.,  intermediate  tract  = 25-30  mm.,  gal- 
vanometer tract  =6-8  mm.).  The  stump  of  the  thigh-bone  was 
fixed  in  a paraflfin  clamp  with  a corresponding  bore,  so  that  the 
leg  is  as  far  as  possible  insulated.  After  repeated  crushing  of 
the  intermediate  tract,  the  préparation  was  stimulated,  and  the 
secondary  coil  gradually  pushed  np.  Unipolar  action  began  at 
20-25  cm.  distance  of  coil,  and  the  muscle  went  into  tetanus 
even  if  one  galvanometer  electrode  only  was  in  contact  with  the 
nerve.  On  taking  both  galvanometer  électrodes  off  the  nerve, 
the  muscle  remained  quiescent  ” (Hering).  The  différence 

between  this  and  ordinary  unipolar  excitation  is  that  electricity 
here  does  not  flow  over  to  the  muscle,  but  passes  tlirongh  the 
galvanometer  électrodes  into  the  galvanometer  circuit,  and  thereby 
excites  the  nerve,  partly  below  the  crnshed  point,  partly  at  the 
Seat  of  the  galvanometer  électrodes  (more  particularly  at  the  long- 
section). 

This  kind  of  unipolar  stimulation  is  an  obvions  danger  in 
ail  experiinents  on  action  currents  and  négative  variation  in 
nerve,  while  it  shows  what  narrow  bounds  restrict  the  intensities 
of  current  that  niay  be  safely  used  in  these  experiinents. 
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Ebbinghaus’ 


CHAPTER  X 


ELECTROMOTIVE  ACTION  IN  NERVE 

I,  CüRRENT  OF  “ PtESTING  ” XeRVE 

Du  Bois-PiEYMOND  communicated  his  first  observations  on  galvanic 
action  in  the  divicled  nerve  in  1843,  after  many  vain  attempts 
on  the  part  of  Matteucci  and  others  to  demonstrate  its  existence. 
A complété  historical  account  of  ail  the  preliininary  researches 
may  be  had  in  the  second  volume  of  du  BoiS-Reymond’s  classical 
Work.  Modem  methods  hâve  facilitated  the  récognition  of  the 
“ law  of  the  nerve  current  ” in  each  excised  particle  of  cold-  or 
warm-blooded  nerve — which  law,  apart  from  différences  of  in- 
tensity  in  the  resulting  effects,  coincides  in  every  particular  with 
that  of  the  muscle  current.  In  both  cases,  each  point  of  the 
natural,  uninjured  surface  (the  “ natural  longitudinal  section  ”)  is 
positive  to  ail  points  of  an  “ artificial  transverse  section  ” ; in 
both  the  différence  of  potential  is  greatest  when  the  “ equator  ” 
is  connected  with  the  cross-section  by  the  leading-off  circuit,  such 
P.D.  being  greater  or  less  according  as  the  points  of  the  long 
section  are  less  positive  to  the  cross-section,  i.c.  are  more  closely 
approximated  to  it  ; each  point  nearer  the  equator  being  also 
positive  to  each  more  distant  point  (weak  longitudinal  current). 
As  in  muscle,  we  must  assume  each  single  nerve-fibre  to  be 
equally  electromotive  with  the  entire  nerve-trunk. 

Du  Bois-Beymond  determined  the  absolute  E.M.F.  of  the  nerve 
current  as  0'022  Dan.  in  frog,  0’026  Dan.  in  rabbit.  The  folio w- 
ing  table  from  Erédéricq  (1)  shows  the  E.M.E.  of  medullated  nerve 
in  the  frog  to  be  much  the  saine  as  in  varions  warm-blooded 
animais,  wliile  the  nerves  that  are  composed  of  non-medullated 
fibres  in  lioth  vertebrates  and  invertebrates  are  characterised 
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by  a strikiiig  prépondérance  of  electroinotive  force  (Kiilnie  and 
Steiner,  2): — 


Cat 


Dog  . 
lîabbit  . 
Duck 
Lobster  . 


0'018  Dan. 
0-018-0-021  Dan. 
0-020-0 -028  Dan. 
0'024  Dan. 

0-048  Dan. 


In  tlie  noii-mednllated  olfactory  nerve  of  tlie  pike,  which  is 
of  approximate  diaineter  with  the  frog’s  sciatic,  Kühne  and 
Steiner  fonnd  an  E.M.F.  of  0'0215— O'OIOS  Dan.,  -wliile  in  the 
frog’s  sciatic  it  was  only  0'002— O'OOG  Dan.  In  any  case  these 
figures  show  the  E.M.F.  of  the  non-medullated  olfactory  nerve  of 
pike  to  be  greatly  in  excess  of  that  in  medullated  frog’s  nerves. 
The  différence  is  more  than  half.  The  niednllated  optic  nerve 
of  the  pike,  which  has  a far  larger  diaineter  than  the  olfactorius, 
alone  approaches  the  lowest  figure  (O'OIOO  Dan.)  given  for  the 
latter.  The  cause  of  this  striking  différence  between  niednllated 
and  non-inedullated  nerve  is,  according  to  Killine,  “ either  that 
the  spécifie  E.M.F.  is  greater  in  non-inednllated  than  in  medullated 
nerve,  or  that  the  mednlla  of  medullated  nerve  is  per  se  electric- 
ally  inactive,  electromotive  force  being  confined  to  the  axis- 
cylinder;  so  that  similar  cross-sections  of  medullated  and  non- 
medullated  nerve  would  iiot  correspond  in  electromotive  condition, 
and  medullated  nerve  would  only  exhibit  the  same  electromotive 
force  as  non-medullated  nerve,  when  its  anatomical  cross-section 
exceeded  that  of  the  latter  to  the  extent  ocenpied  by  the  mednlla 
in  the  section”  (Kühne  and  Steiner,  l.c.  p.  160). 

The  electrical  reaction  of  the  slender,  non-medullated  con- 
nective nerves  of  Anodonta  (3)  also  points  to  the  conclusion 
that  the  electromotive  activity  of  medullated  nerve-fibre  dérivés 
from  the  axis  - cylinder  only,  without  participation  of  the 
mednlla.  These  nerves,  under  favourable  conditions,  yield  very 
strong  currents — as  also  the  mantle  nerves  of  Elcdone,  in  which 
the  E.M.F.  amounts,  according  to  S.  Euchs  (4),  to  0'0259  Dan., 
though  they  are  frequently  of  smaller  diaineter  than  the  sciatic 
nerves  of  large  Transylvanian  frogs.  Gotch  and  Horsley  (5) 
find  a striking  différence  of  potential  between  longitudinal  and 
artificial  transverse  sections  in  the  spinal  roots  of  mammals. 
While  the  E.M.F.  of  the  démarcation  current  of  mixed  mammalian 
nerve  is  ü'Ol  Dan.  in  cat,  0'005  Dan.  only  in  monkey,  it  amounts 
in  the  posterior  spinal  roots  of  the  cat  to  0'025  Dan.,  and  even 
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in  the  spinal  cord  to  0-046  Dan.,  and  0‘029  Dan.  in  monkey. 
Coinparison  of  tlie  spinal  cord  of  yonng  fnll-grown  animais  with 
the  large  nerve  of  adnlts  proves  tliat  this  is  not  due  solely  to  the 
greater  sectional  area. 

In  ail  experinients  upon  the  so-called  current  of  rest  in  the 
nerve  (Hermaiin’s  “ démarcation  current  ”),  it  is  essential  that  the 
lead-olï  from  the  cross-section  should  be  as  clean  as  possible.  It  is, 
of  course,  more  ditficult  to  lead  off  from  the  transverse  section  of 
finer  nerves  than  from  coarse  trunks.  Hence  it  hecomes  advisable 
to  destroy  a certain  tract  near  the  transverse  section,  and  to 
lead  off  from  the  dead  end.  Under  conditions  in  which  the 
démarcation  current  of  the  frog's  sciatic  yields  at  most  a galvano- 
meter  deflection  of  about  70  degrees,  Biedermann  obtained 
detlections  of  60-200  degrees  from  the  two  juxtaposed  nerves 
of  mollusca,  the  diameter  heing  still  considerably  helow  that  of 
a siimle  frog’s  nerve.  In  non  - medullated  nerve  also  there  is 
a zone  of  rapidly  diminisUng  negativity  near  the  démarcation 
surface,  which  again  produces  “ weak  longitudinal  currents 
(Biedermann.  supra,  also  Kühne  and  Steiner). 

The  reaction  of  nerves  that  are  different  in  function  is  very 
striking  on  leading  off  from  two  cross-sections,  when  the  curient 
should  be  zéro,  if  the  negativity  on  hoth  sides  were  equal.  Tins 
is  not,  however,  the  case  (du  Bois-Pteymond,  6)  : a différence  of 
potential  occurs  not  merely  in  the  frog’s  sciatic,  but  also  in  the 
nerves  of  warm-ltlooded  animais  (Fredei’icq,  1,  p.  68,  note). 

IMendelssohn  (6)  suhsequently  found  regular  and  apparently 
constant  différences  of  negativity  hetween  any  two  cross-sections 
in  pure  centripetal  or  centrifugal  nerves.  Du  Bois-Eeymond 
had  already  in  electrical  nerves  sliown  greater  negativity  of  the 
peripheral  cross-section  as  compared  with  the  “ equator,”  so  that 
the  current  from  section  to  section,  the  so-called  axial  durent, 
is  always  in  an  ascending  direction.  The  saine  is  true,  accoiding 
to  Mendelssohn,  of  the  (purely  centrifugal)  muscular  branches  of 
the  rahbit’s  sciatic  ; while  in  the  posterior  roots  of  frog  and  i-ahbit, 
as  also  in  the  optic  and  olfactory  nerves  of  the  fish,  the  axial 
current  is  descending.  In  the  mixed  trunk  of  the  sciatic,  again, 
the  direction  is  alternating.  If  any  law  could  he  formulated 
from  these  observations,  it  would  he  that  the  axial  nerve  current 
is  opposed  in  direction  to  the  physiological  action  ol  the  nerve 
fibres.  These  observations  may  conceivably  he  brought  into  line 
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with  tlie  data  cited  above  for  différences  of  excitability,  and 
snsceptibility  to  injury,  at  different  points  of  the  uninjured 
nerve.  JMendelssohn  convinced  hiinself  that  the  E.M.F.  of  the 
axial  carrent  was  greater  in  proportion  with  the  rate  at  which 
the  excitatory  impulses  traversed  the  nerve  in  one  or  the  other 
direction,  i.c.  the  more  the  nerve  was  excited  within  the  organism. 

The  great  regularity  of  electromotive  action  in  divided  or 
otherwise  injured  nerve  obvionsly  goes  no  further  towards 
establishing  the  pre-existence  of  an  electrical  potential  within 
such  tissues  than  in  the  parallel  case  of  muscle.  Here,  as  there, 
on  the  contrary,  it  must  be  affirmed  that  the  perfectly  uninjured 
nerve  is  electrically  inactive.  It  is  obvions,  in  view  of  the  mode 
in  which  the  nerve-fibres  end  in  the  peripheral  organs,  or  central 
System,  that  we  cannot  speak  of  leading  off  from  a “ natural 
cross-section  ” (in  the  saine  sense  as  in  muscle),  especially  as 
not  merely  the  motor  end-organs  (muscle),  but  others  (e.[/.  gland- 
cells)  also,  are  proved  to  be,  actually  or  potentially,  the  seat  of 
electromotive  action.  This  applies,  inter  alia,  to  the  organ  which 
seems  at  fîrst  sight  best  adapted  to  décidé  this  question,  viz.  the 
eye,  as  investigated  by  du  Bois-Eeymond  and  others.  Some 
account  of  its  electromotive  activity  will  be  given  below. 

Electromotive  action  in  nerve,  as  in  muscle,  is  a vital  property 
of  the  living  tissues.  The  nerves  of  a corpse  gradually  (albeit  in 
most  vertebrata  very  slowly)  cease  to  exhibit  any  différence  of 
potential  between  a fresh  démarcation  surface  and  points  on  the 
uninjured  superficies.  It  is  intelligible  that  this  should  occur 
sooner  in  warm-  than  in  cold-blooded  animais,  as  also  that  nerves 
left  in  the  body  should  preserve  their  normal  properties  longer 
than  excised  nerves  ; and  that  excitability  should  décliné  most 
rapidly  in  the  central  tracts  that  are,  generally  speaking,  the 
least  capable  of  résistance.  Steiner  (7)  finds  that  the  E.M.F.  of 
the  nerve  current  increases  within  a certain  range  with  rising 
température,  reaching  its  maximum  between  14°  and  25°  C.  At 
boiling-point  the  current  is  reversed,  according  to  du  Bois-Eey- 
mond,  as  Harless  also  finds  at  a certain  stage  of  drying.  Electro- 
motive activity  niay  persist  for  a long  time  during  the  process 
of  degeneration  suffered  by  nerves  that  hâve  been  separated  from 
their  centres,  which  is  also  natural,  seeing  that  the  medullary 
slieath  is  first  to  be  disintegrated  in  medullated  fibres.  Schiff 
and  Valentin  (8)  found  that  nerves  of  birds  and  mammals. 
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wheii  dividecl  in  tlie  living  animal,  exhibited  a normal  cnrrent 
weeks  and  months  afterwards,  althongli  excitability  disappeared 
8—14  days  at'ter  tbe  operation.  Scbift’  asserts  tbat  tbe  axis- 
cylinder  was  still  présent,  in  spite  of  advanced  disintegratmn  of 
tbe  mednllary  sbeatb, — a fnrtber  proof  of  tbe  pbysiological  signifi- 

cance  of  tbis  portion  of  tbe  fibre. 

Tbe  alterations  in  tiine  snffered  by  tbe  démarcation  carrent 
in  mednllated  nerve  are  of  extrenie  interest,  since  tbey  are 
analogons  witb  tbose  of  cardiac  and  smootb  muscle.  Engelmann 
(9)  fourni  tbat  tbe  E.M.F.  of  tbe  cross-section  fell  witb  extreme 
rapidity,  and  appeared  again  in  undiminisbed  vigour  wben  a 
new  section  was  made.  Tbis  be  explained  froni  tbe  fact  tbat 
tbe  individual  cells  die  separately,  notwitbstanding  tbeir  pbysio- 
logical coberence — tbe  process  of  deatb  is  confined  to  tbe  cells 
tbat  are  directly  injured.  Sirnilar  relations  appear  in  mednllated 
nerve-fibres,  altbougb  tbese  cannot  be  regarded  as  consisting  of 
separate  cells  fused  togetber.  After  only  1-2  bours  Engelmann 
noted  tbat  tbe  E.M.F.  of  tbe  artificial  cross-section  fell  from 
60  to  25  per  cent  of  tbe  initial  value,  in  20—24  bours  to  at  least 
35*5  per  cent,  more  often  to  0 ; frequently,  as  pointed  ont  above, 
tbere  was  a weak  reversed  carrent.  Eenewal  of  tbe  cross-section 
in  every  case  restored  tbe  full  value  of  tbe  original  carrent. 

Head  (10)  found,  on  repeating  Engebnann’s  experiment,  tbat 
tbe  diminution  of  tbe  démarcation  carrent  was  especially  marked 
in  tbe  nerves  of  summer  frogs,  so  tbat  tbe  increase  of  E.M.F.  in 
conséquence  of  tbe  new  cross-section  is  bere  particularly  striking. 
After  14  minutes  tbe  very  pronounced  carrent  of  rest  was 
observed  by  Head  to  fall  to  l of  its  original  value.  Twenty-eigbt 
minutes  after  beginning  tbe  experiment  a new  section  was  made, 
upon  wbicb  tbe  nerve  carrent  at  once  reappeared  in  its  former 
vigour.  As  a rule,  tbere  was  even  a maiked  lise  of  E.IM.E. 
Vieyond  tbe  original  magnitude.  In  one  spécial  case  tHe  current 
of  rest  in  a frog’s  sciatic  gave  a deflection  ol  155  degrees,  wbicb 
fell  20  minutes  later  to  32  degrees  of  tbe  scale.  After  making 
a new  section,  tbe  current  at  once  increased  to  120  degrees,  and, 
after  a second  rapid  fall,  gave  a deflection  of  232  (!)  degrees,  on 
applying  anotber  (fourtb)  cross-section,  33  minutes  alter  beginning 
tbe  experiment.  Engelmann  explains  tbis  striking  reaction  from 
tbe  fact  tbat  tbe  process  of  mortification  in  tbe  injured  fibres  is 
arrested  at  tbe  nearest  node  of  Eanvier.  Tbe  same  eftect  appears. 
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however,  in  the  optic  nerve  of  the  lîsli  (Küline,  9),  wliere  tlie  fil»res 
hâve  110  coiistiictioiis,  and  also  in  noii-mednllated  nerve  (Bieder- 
niann,  3),  altlioiigh  in  a less  niarlced  degree,  so  that  there  is  no 
adéquate  reason  for  assnining  definite  anatoinical  boiindaries  within 
the  continiiity  of  the  axis  - c}dinder,  at  which  the  process  of 
inortitication  shall  be  arrested.  If  the  fact  that  the  separate 
cell-individiials  in  cardiac  and  smooth  muscle  are  direetly  united 
hy  plasma-bridges  is  of  universal  application,  the  conséquences  of 
rene-wing  the  section  can  only  indicate  that  the  death-process  is 
arrested  at  sonie  distance  from  the  eut  surface,  without  confining 
it  within  preordained  anatomical  barriers. 

Nerve,  like  muscle,  can  be  excitedbyits  own  démarcation  current. 
The  facts  relating  to  this  siibject  hâve  been  familiar  since  the  days 


of  Galvani,  and  bave  more  especially  been  investigated  by  Küline 
and  Hering  (11).  Galvani  introdiiced  the  nerve  of  a rheoscopic 
leg  into  an  open  circuit,  and  allowed  the  nerve  of  another  leg, 
completely  isolated  from  the  hrst,  to  fall  iipon  the  circuit,  in  such 
a way  that  the  cross-section  of  the  first  nerve  formed  one  of  the 
two  points  of  contact.  Both  legs  twitch  in  a siiccessful  experi- 
ment.  Du  Bois-Eeymond  laid  the  central  end  (transverse  and 
longitudinal  sections)  of  a sciatic  nerve,  still  connected  with  the  leg, 
across  the  pads  of  his  zinc  troiigh-electrodes,  making  and  breaking 
the  nerve  current  by  means  of  a mercury  key.  “ The  leg  twitched 
at  closure  and  at  opening,  in  sonie  cases  on  breaking  the  circuit 
only.”  Du  Bois  - Eey iiiond  subsequently  simplitied  this  experi- 
ment  by  placing  two  long  pads  of  filter-paper  saturated  with  sait 
solution  close  together  iipoii  an  insiilating  stage,  and  layiiig  across 
tlieni  the  long  and  transverse  sections  of  the  rheoscopic  nerve. 
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Tlie  circuit  was  closed  by  applyiiig  a tliinl  pad  (piickly,  wliere- 
upou  tlie  muscle  coutracted  (big.  201).  ilie  point  liere  being 
adecp^ate  rapidity  of  closure  and  opening,  tlie  two  pads  on  whicli 
the  nerve  is  resting  niay  hang  freely  over  the  edge  of  a glass 
plate,  a vessel  of  sait  solution  being  rapidly  raised  or  lowered 
below  theni  (Hering,  l.c.\  or  two  blocks  of  sait  clay  can  be  einployed, 
which  are  readily  moulded  into  any  forni  (Kühne,  Le).  The 
tvvitches  resulting  froni  this  last  method  are,  as  Küline  sbowed, 
niost  energetic.  In  excitable  préparations  Hering  obtained 
vigorous  make  and  break  twitches,  when  the  tract  of  nerve 
between  the  clay  blocks  was  lengthened  to  1 cm.  This  gave 
reason  to  anticipate  that  a nerve  niay  be  tetanised  by  its 
own  current  as  well  as  by  the  interruptions  ol  a battery 
current.  AVith  this  object,  Küline  einployed  a vibrating  mercury 
key  ; Hering,  on  the  other  hand,  constructed  a spécial  a])paratus, 
by  which  he  obtained  a “ tetanus  without  inetals.”  “The  rapid 
raising  and  dropping  of  the  closure  pad  {mpra)  was  effected  by 
the  teetli  of  a rotating  cog-wlieel,  which  lifted  the  one-armed 
lever,  and  the  closure-pad  attached  to  its  free  end,  while  a spring 
fastened  to  the  lever  drew  it  down  again  after  each  rise.”  “ The 
simplest  means  of  exciting  a nerve  by  its  own  current  is,  as 
remarked  by  Hering  (l.c.  p.  241),  to  let  its  end  lall  upon  a second 
isoclectric  moist  conductor.”  IMetals  (platinum,  amalgamated 
zinc)  are  less  suitable  for  this  purpose,  because  they  very  shortly 
set  up  polarising  currents.  “ If  the  end  of  the  nerve  falls  upon  a 
drop  of  lymph,  blood-serum,  or  weak  sait  solution,  the  effect  usually 
occurs  once  only,  because  the  fluid  that  clings  to  the  nerve  when 
it  is  lifted  out  again  short-circuits  it  permanently  and  effectively. 
But  if  the  nerve  falls  upon  a coagulated  drop  of  blood,  or  a block 
of  clay  saturated  with  0'6  per  cent  NaCl,  the  experinient  may 
be  freely  repeated.”  An  isoelectric  muscle  will  obviously  be  a 
convenient  sub-stage  for  the  saine  purpose.  “ If  a nerve  still 
connected  with  the  leg  is  allowed  to  fall  upon  the  gastroenemius 
muscle,  the  resulting  twitch  is  no  proof  that  the  nerve  is  excited 
by  a muscle  current,  although  this  may  generally  be  the  case.” 
Czermak  pointed  out  that  frogs’  legs  of  great  excitability  will 
contract  when  their  nerves  fall  upon  portions  of  the  intestine, 
kidneys,  or  liver  of  a rabbit,  which  no  more  proves  the  pré- 
existence of  a P.I).  in  those  parts  than  the  observation  of  Donders 
that  frogs’  legs  may  twitch  under  certain  conditions,  when  the 
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eut  end  of  the  nerve  drops  upou  the  pericardinm  during  diastole 
(et.  Külme,  Le.  p.  85). 

A twitcli  is  often  produced,  as  in  muscle,  by  inerely  bringing 
the  cross-section  of  the  nerve  into  contact  with  a drop  of  con- 
ducting  flnid.  Eckhardt  (12)  einployed  this  last  inethod  to 
investigate  Chemical  stimulation  of  nerve,  as  Kühne  had  done 
for  muscle.  For  both  \ve  mnst  distiimuish  between  the  electrical 

O 

excitation  caused  by  short-circuiting  of  the  démarcation  current, 
and  the  resulting  clieinical  action — a difficult  if  not  impossible 
task  in  many  cases.  The  electrical  origin  of  the  twitch  which 
(as  Hering  noted)  makes  its  appearance  on  touching  a fresh  cross- 
section  with  a drop  of  0'6  per  cent  sait  solution,  or  of  the  con- 
centrated  solution  of  zinc  and  copper  sulphate,  said  by  Eckhardt 
to  be  chemically  inactive,  can  hardly  be  disputed.  With  the 
very  active  solutions  of  fixed  alkalies,  on  the  other  hand,  where 
we  must  take  into  considération  that  the  magnitude  of  the  twitch 
may  be  due  solely  to  the  fact  “ that  they  moisten  the  nerve  more 
rapidly  and  efhcaciously  than  other  Üuids,  and  thus  j^roduce  a 
quicker  electrical  variation  in  the  nerve,”  the  same  cannot  be 
asserted  with  equal  certainty.  In  ail  experiments  on  excitation 
of  nerve  and  muscle  by  their  intrinsic  currents,  great  excitability 
of  the  préparation  is,  as  has  been  stated,  indispensable  ; hence 
they  corne  off  best  in  the  cold  season.  In  experimenting  on 
frogs’  nerves  that  hâve  been  kept  in  a cold  room  (at  about  0°  C.), 
Hering  has  again  pointed  ont  the  extraordinary  tendency  to 
tétanie  excitation  exhibited  under  these  circumstances — particu- 
larly  by  R.  eaculenta,  in  a less  degree  by  B.  tcmjjoraria.  The 
simple  division  or  constriction  of  the  sciatic  is,  as  a rule,  sufficient 
to  induce  a protracted,  unbroken  spasm  of  the  leg,  which  is  on  an 
average  the  more  marked  as  the  nerve  is  divided  higher  up,  and 
may  be  called  ont  again  after  it  has  expired,  by  making  a fresh 
cross-section. 

Since  these  very  excitable  préparations  fall,  under  the  action 
of  the  weakest  l^attery  cnrrents,  into  a “ closure  tetanus  ” that 
lasts  duriug  the  entire  passage  of  the  current,  it  is  not  surprising 
that,  nnder  snch  conditions,  the  mere  short-circuiting  of  the 
démarcation  current  will  cause  tétanie  excitation  — as  was 
freciueutly  observed  by  Hering.  Vigorous  closure  twitches,  with 
or  without  subseiiuent  clonie  disturbance,  occur  not  merely  on 
l)riiiü:iim  a fresh  cross-section  of  the  sciatic  nerve  into  contact 
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witli  the  iiearest  accessible  point  of  tlie  longitudinal  surface, 
but  also  wlien  the  eut  end  drops  upon  that  ol  a second 
nerve.  In  the  last  case,  however,  contraction  occurs  only  when 
the  two  ciit  ends  are  not  in  the  saine  line,  but  the  one  nerve 
falls  longways  upon  the  other,  so  that  the  two  ends  corne 
together.  There  is  thus  mutual  reaction  of  the  two  démarca- 
tion currents,  since  they  ilow  in  the  saine  direction  through  the 
circuit  forined  b}'  the  two  eut  ends.  (Hering  previously  per- 
forined  the  sanie  experiments  siiccessfully  with  two  curarised 
frogs’  muscles — sartorius).  “ ïhe  fact  that  siifhciently  vigorous 

nerves  fall  into  persistent  excitation  when  their  own  ciirrent  is 
short-circuited  externally,  leads  us  to  conjecture  that  the  above- 
mentioned  tétanie  excitation,  as  seen  in  cooled  frogs  after  dividing 
the  nerve  of  the  leg,  or  the  sciatic  plexus,  may  also  be  caused 
solely  by  the  current  incident  upon  such  division  ” ; since  the 
sheaths  of  the  single  fibres,  and  the  coinmon  neural  integu- 
ment,  alike  provide  an  internai  path  for  the  individiial  currents 
of  the  fibres. 

The  above  facts  refer  to  motor  frogs’  nerves  only.  It  was, 
however,  shown  by  Knoll  (13)  that  centripetal  nerves  of  warm- 
blooded  animais  can  also,  under  certain  conditions,  be  excited  by 
their  own  currents.  These  experiments  refer  excliisively  to  the 
cervical  vagus  of  dog  and  rabbit,  and  more  particularly  again  to 
the  central  portion,  which  is  in  connection  with  the  respiratory 
centi’e.  The  inere  exposure  of  these  nerves,  especially  where 
they  are  injured,  causes  protracted  expiration,  or  even  a brief 
expiratory  pause  in  respiration,  in  the  rabbit  ; while  siniilar 
effects  of  longer  duration  appear  with  great  regularity  on  raising 
a cervical  vagus,  ligatiired  at  the  thoracic  end  and  isolated,  from 
the  woiiiid,  or  lifting  it  ont  of  an  indifferent  conducting  fliiid, 
especially  when  the  nerve  lias  previously  been  divided  peripher- 
ally  to  the  ligature  (cf.  Langendorft',  13).  A more  or  less  pro- 
longed  expiratory  pause  is  again  produced  on  dropping  the 
vagus  on  the  wound,  or  moistening  it  with  a conducting  fiuid 
(0'6  % IsTaCl).  Since  it  can  be  shown  in  ail  these  cases 
that  neither  mechanical,  thermal,  nor  Chemical  stimuli  conie  into 
play,  and  since  “ ail  the  factors  known  to  produce  a nerve  current 
react  favourably  upon  the  experiment  as  described  above,” — - 
respiration  further  remaining  iinaltered  “ when  iiniforniity  of 
otlier  conditions  lias  prevented  the  setting-iip  or  reinforcenient  of 
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a short-circuit,” — it  caimot  lie  doubted  tliat  these  expiratory  effects 
are  due  to  excitation  of  the  expiratory  hlires  of  the  cervical 
vagus,  by  souie  variation  in  the  intrinsic  nerve  current.  Obviously, 
wben  the  nerve  is  raised  from,  or  dropped  on  to,  the  wound  in  the 
neck,  tliere  inust  be  complication  from  the  currents  of  the  injured 
muscles.  Knoll  also  refers  the  brief  expiratory  effect  whicb 
usually  appears  after  simple  division  or  constriction  of  the  vagi 
in  situ,  to  excitation  of  the  nerve  by  its  own  current,  and  this 
effect  must  certainly  be  regarded  as  the  analogue  of  tetanus  from 
division  of  the  sciatic  nerve  in  a cooled  frog.  It  sbould  be 
noticed  tbat  the  peripberal  end  of  the  vagus  cannot  be  stimulated 
to  action,  i.e,  retardation  of  the  cardiac  beat,  by  its  own  current. 

ïlie  marked  E.M.F.  of  the  non-niedullated  olfactory  nerve  of 
the  pike  explains  the  fact  tbat  its  current  readily  and  invariably 
excites  frog  nerves.  If  looped  over  the  end  of  a glass  rod,  it 
inay  be  dropped  on  to  any  point  of  a frog’s  nerve,  forming  a b ne 
pair  of  électrodes,  and  never  fails  to  produce  vigorous  twitcbes 
in  the  leg  if  contact  is  made  at  the  transverse  and  longitudinal 
sections  (Kühne,  11,  p.  97).  Kübne  even  succeeded  in  exciting 
curarised  frogs’  sartorii  by  the  démarcation  current  of  the  pike’s 
olfactorius. 

Much  interest,  especially  in  regard  to  the  tbeory  of  the 
break  twitch,  attaches  to  the  phenomena  of  interférence 
between  the  nerve  current  and  an  artificial  current,  wben  the 
exciting  électrodes  are  applied  to  the  proximity  of  a cross-section, 
or  to  any  point  along  the  nerve  tbat  happens  to  be  electrically 
active.  Pfiüger  pointed  ont  tbat  the  excitability  of  a tract  of 
nerve  must  be  positively  affected  by  its  own  current  wben  a 
transverse  section  is  made,  or  a latéral  branch  of  the  nerve 
amputated  above  the  tract,  since  the  démarcation  current  tbrows 
tbat  part  of  the  nerve  into  katelectrotonus.  If  a leading-off 
circuit  connects  the  ti’ansverse  section,  or  a proximal  point  on  the 
longitudinal  surface,  witb  any  otber  point  of  the  latter,  current 
passes  tbrougb  the  part  of  the  nerve  between  the  contacts  from 
transverse  to  longitudinal  section.  Seeing  tbat  the  separate  axis 
cylinders  are,  like  the  entire  nerve -trunk,  surrounded  by  in- 
different conducting  sbeatbs,  tbere  must  (apart  from  the  spécial 
conditions  in  medullated  nerve)  be  lines  of  current  witbin  the 
sbeatbs  in  the  saine  direction,  making  tbeir  exit  at  different 
points  of  the  surface  of  the  single  bbres,  as  of  the  entire  nerve. 
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in  tlie  part  iiear  the  traiisverse  section  (as  was  puinted  ont 
more  particnlarly  by  Hermann).  If  the  leading-olT  électrodes 
serve  at  the  sanie  time  for  excitation,  i.e.  if  they  lead  an  artificial 
current  into  the  nerve,  tins  will  either  lie  honiodromous  or  hetero- 
dromons  with  the  cnrrent  already  présent  in  the  entire  System, 
— the  former  when  the  anode  is  proximal  to  the  cross-section. 
Other  conditions  being  uniform,  the  closnre  of  a cnrrent  homo- 
dronious  with  the  intrinsic  current  increases  the  excitation,  so 
that  it  is  intelligible  that  a descending  current  in  the  vicinity  of 
the  cross-section  should  prove  more  effective  than  an  ascending 
current.  In  view  of  the  previous  argument,  it  is  clear  that  the 
interférence  effects  between  exciting  current  and  nerve  current 
are  due,  strictly  speaking,  not  to  addition  and  subtraction  of 
these  currents  (Grünhagen  remarks  that  an  exciting  current 
increased  or  diminished  by  the  sum  of  the  nerve  current  exhibits 
110  appréciable  alteration  of  its  physiological  action),  but  to 
polarisation  effects  discharged  at  points  at  which  the  disposition 
to  response  lias  been  altered  in  one  direction  or  the  other  by 
the  internai  neutralisation  of  the  nerve  current. 

If  actively  electromotive  (négative)  points  occur  in  the  con- 
tiiiiiity  of  the  undivided  nerve,  the  saine  considérations  of  course 
apply  to  them.  Grützner  (14),  indeed,  inclines  to  refer  ail 
changes  of  excitability  in  the  continuity  of  the  otherwise  un- 
injured  nerve  (in  particiilar  the  dissimilarity  of  action  with  eqiial 
but  opposite  currents  in  different  parts  of  the  saine  nerve,  as 
described  by  Hermann  and  Fleischl)  to  différences  of  potential 
induced  by  préparation. 

If  a frog’s  sciatic  is  tested  with  unpolarisable  électrodes 
5—8  mm.  apart,  there  is  regiilarly,  according  to  Grützner,  a 
descending  current  below  the  point  at  which  the  brandi  to  the 
thigh  is  given  off,  an  ascending  current,  on  the  contrary,  above  the 
gastrocnemius.  About  midway  between  pelvis  and  knee  there  is 
a point  at  which  no  current  can  be  led  off  to  the  galvanometer 
(Fleischl’s  “ equator  ”).  There  is  no  douht  that  the  IM),  is  caused 
by  the  side  branches  given  off’  from  the  main  stem.  When  these 
are  as  far  as  possible  uninjiired,  the  currents  are  very  weak. 
Each  point  of  Ijifurcation  in  the  nerve  is  thus,  as  it  were,  pre- 
destined  for  the  appearance  of  a P.D.,  since  it  présents  a siiitalile 
point  of  attack  to  injuries  of  ail  kinds. 

“ Wherever  the  intrinsic  currents  of  the  nerve  are  descendinq, 
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excitation  is  best  etfected  by  a descendiiig  carrent,  and  vice  versa. 
If,  on  tlie  contrary,  tbe  nerve  carrent  and  exciting  currents  are 
beterodromoas,  tbe  action  of  tbe  exciting  carrent  will  Ije  diniin- 
isbed  or  abolisbed  ” (Grützner,  l.c.).  Fleiscbl  (15)  snbsequently 
tried  to  overtbrow  tbis  interprétation  on  tbe  ground  tbat  effects 
corresponding  to  bis  “ lavv  of  contraction  ” inigbt  also  be  ob- 
served  in  nerves  of  wbicb  tbe  P.D.  was  compeusated  by  an 
artificial  carrent.  Tbis,  bowever,  was  answered  by  Grützner  and 
Hermann,  wbo  pointed  out  tbat  compensation  can  only  nentralise 
tbe  brandi  of  tbe  carrent  tbat  Ilows  in  tbe  applied  circait,  and 
not  tbe  internai  P.D.  of  tbe  nerve  (or  mnscle),  witb  its  corre- 
sponding carrents. 

A remarkable  case  of  interférence  between  nerve  and  mascle 
carrents  is  tbat  cited  by  Hering  (11),  in  wbicb  tbe  tetanas 
conseqnent  on  division  {supra)  is  absent,  even  in  préparations 
from  bigbly  sasceptible  cooled  frogs,  on  dividing  tbe  tbigb  witb 
a single  cat,  wben  tbe  carrent  from  tbe  divided  mascle,  ascending 
in  tbe  nerve,  acts  npon  tbe  latter  so  as  to  nentralise  its  carrent. 

As  in  striated  mascle  (sartorias)  denervated  bycarare,  “sparioas 
break  twitches  ” may  resalt  from  interférence  between  démarcation 
carrent  and  artificial  exciting  carrent, — so  likewise  in  nerve.  The 
striking  dependence  of  tbe  opening  excitation  apon  tbe  proximity 
of  tbe  anode  to  an  artificial  section  of  tbe  nerve  bas  already  been 
insisted  on.  It  is  bigbly  probable,  if  not  proven,  tbat  tbese 
opening  twitcbes  from  tbe  cross  - section  are  not  trne  opening 
twitcbes,  bat  closiire  contractions  from  tbe  nerve  carrent  previ- 
oasly  compeusated  in  tbe  leading-ofF  circait — i.e.  tbat  tbis  effect 
is  wbolly  analogoas  witb  tbe  “ false  opening  twitcbes  of  injnred 
mascle  ” (Hering,  Grützner,  11). 

If  a rbeochord  is  employed  to  send  a brandi  of  tbe  carrent 
from  a battery  throiigh  a nerve  resting  by  its  transverse  and 
longitudinal  sections  npon  iinpolarisable  électrodes,  tbe  closiire  or 
opening  of  tbe  circait  being  efîected  by  a key  introdiiced  between 
rheocbord  and  électrodes,  tbere  may  in  favoarable  cases  (Hering, 
11)  be  a contraction,  botb  on  closing  and  on  opening  tbe  “nerve 
circait  ” (wbicb  sliort-circiiits  tbe  démarcation  carrent  externally), 
even  wben  tbe  rbeocbord  is  not  in  tbe  circait.  If  tbis  is  effected, 
and  a key  introdiiced,  together  witb  a reverser,  into  tbe  saine 
(“  battery  ”)  circait,  tbe  excitatory  effects  iniist  differ  (wben  tbe 
deriving  carrent  from  tbe  battery  is  ascending  in  tbe  nerve,  and 
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therel'ore  compensâtes  tlie  démarcation  current  at  a snfficient 
intensity)  according  as,  with  previons  closnre  of  tlie  nerve  circuit, 
tlie  battery  circuit  is  made,  or  with  closed  battery  current  tlie  nerve 
circuit  is  completed.  The  “ apparent  ” closnre  twitch  that  appears 
in  the  former  case  alone  must,  properly  speaking,  be  an  opening 
effect  of  the  nerve  current,  as,  on  the  other  hand,  the  “ false  ” 
break  twitch  discharged  after  préviens  closure  of  both  circuits,  by 
the  opening  of  the  key  in  the  battery  circuit,  must  be  a closing 
effect  of  the  nerve  current,  as  indicated  by  its  absence  when  tlie 
nerve  circuit  alone  is  opened.  “ If  the  brauch  current  froin  the 
battery  is  too  weak  to  compeusate  the  nerve  current  in  the  nerve 
circuit,  it  will  still  hâve  sonie  effect  in  the  sanie  direction,  though 
not  in  the  sanie  degree.  If,  on  the  other  hand,  it  is  stroiiger 
than  is  necessary  for  compensation,  the  current  in  the  nerve,  after 
closure  of  both  circuits,  will  actiially  be  ascending,  although  it  is 
only,  as  it  were,  traversed  by  the  remainder  of  the  braiich  froin 
the  battery  current.  If  the  nerve  circuit  therefore  be  closed, 
with  previons  closure  of  the  battery  circuit,  there  will  be  no  con- 
traction, provided  the  brandi  current  froin  the  battery  be  not  too 
strong.  If,  011  the  other  hand,  the  battery  circuit  be  made  with 
préviens  closure  of  the  nerve  circuit,  the  opening  effect  of  the 
nerve  current  is  superposed  upon  the  weak  and  intrinsically 
inadéquate  closing  effect  of  the  battery  current,  and  a contraction 
is  obtaiiied.” 

“ If  the  nerve  circuit  is  opened  with  previons  closure  of 
the  battery  circuit,  there  is  no  twitch,  provided  always  that 
the  ascending  battery  current  in  the  nerve  is’  not  so  powerful 
as  to  excite  opening  twitches  — notwithstanding  its  partial 
compensation  by  the  nerve  current.  If,  on  the  other  hand,  the 
battery  circuit  is  opened  with  closed  nerve  circuit,  the  nerve 
current  simultaneously  finds  a new  short-cirenit,  and  contraction 
follows,  which  is  here  still  further  augmented  by  the  action  of  the 
voltaic  alternative  ” (Hering,  11). 

Accordingly,  “on  commencing  operations  with  the  weakest 
outgoing  branches  of  the  battery  current,  as  they  hnd  exit  at  the 
transverse  section  of  the  nerve,  the  break  twitch  iiiakes  its  fîrst 
appearauce  on  opening  the  battery  circuit,  and  only  with  iiiucli 
stronger  currents  at  break  of  the  nerve  circuit  also.  The  ‘ iiiake 
twitch,’  again,  is  hrst  seeii  on  closing  the  battery  circuit,  and  only 
with  stronger  deriving  currents  at  closure  of  the  nerve  circuit  also.” 
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If  tlie  batfery  carrent  oitcrs  at  the  traiisverse  section  of  tli3 
nerve,  i.c.  is  clescending,  tlie  effect,  as  pointed  ont  l)y  Ilering,  is 
again  dissiniilar,  according  as  tlie  Ijattery  circuit  is  closed  with 
previous  closure  of  the  nerve  circuit,  or  vice  versa.  “ For  in  the 
former  case  a current,  viz.  that  of  the  nerve,  is  already  entering  at 
the  longitudinal  electrode,  so  that  the  superposition  of  the  brandi 
froiii  the  battery  current  will  only  increase  it.  But  if  the  nerve 
circuit  is  closed  sulisecpient  to  closure  of  the  battery  circuit,  the 
nerve  current  and  battery  current  will  suniiuate  at  the  moment  of 
closure,  and  the  effect  of  the  latter  is  thus  augmented.  At  break 
of  the  nerve  circuit,  again,  the  two  currents  disappear  siinul- 
taneously.”  On  coiiimencing  with  minimal  ingoing  currents  at 
the  cross-section  of  the  nerve,  the  niake  twitch  appears  first  at 
closure  of  the  nerve  circuit,  and  only  with  stronger  currents  on 
closing  the  battery  circuit  also.  An  analogous  reaction  may  be 
deterniined  for  the  opening  twitches  ” (Hering,  11). 

Du  Bois-Eeymond  {Gcs.  AbliancU.  i.  p.  196)  pointed  ont  that, 
under  certain  conditions,  the  effect  is  fundanientally  different 
according  as  the  current  is  made  or  broken  in  the  principal  or 
deriving  circuit  (battery  or  nerve  circuit).  But  as  métal  électrodes 
were  exclusively  employed  in  these  experiments,  there  must  bave 
been  extensive  external  polarisation  at  the  interface  of  the  animal 
tissues  and  the  électrodes. 

A characteristic  effect  of  interférence  between  exciting  and 
nerve  current  is  the  “ breach  ” in  the  sériés  of  opening  twitches, 
first  pointed  ont  by  Grützner  (14).  Tt  may  be  observed  when 
any  part  of  the  nerve,  in  which  there  is  a descendiiig  current  (as, 
e.g.,  at  the  cross -section),  is  excited  with  ascending  battery 
currents  of  increasiiig  strength.  Opening  twitches  then  appear 
even  with  very  low  intensities  of  current,  increasing  at  first  with 
its  augmentation,  and  then  diminishing  to  zéro,  after  which  they 
again  increase  in  magnitude. 

The  magnitude,  i.e.  E.jM.F.,  of  the  current  in  a leading-oft 
circuit,  in  which  one  contact  is  applied  to  the  transverse 
section  of  a nerve,  while  the  other  rests  upon  a point  of  the 
longitudinal  surface,  of  course  dépends  to  a large  extent  upon  the 
distance  lietween  the  électrodes.  The  deriving  current  is  experi- 
nientally  fouiid  to  be  greatest  when  tins  =5  — 7 mm.,  when  com- 
pensation by  an  artificial  heterodronious  current  will  accordingly 
be  most  adéquate.  The  conditions  are  iiiuch  less  favouralhe  with 
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a less  tlistaiice  betwecu  tlie  exciting  (or  leadiiig-olTj  elecLrodes. 
Accordiiigly  the  breach  iii  the  sériés  of  opeiiiiig  twitches  is  niucli 
piailler  iii  the  tirst  case  tliaii  iii  the  second  (Ludiiiilla  Neiiier- 
owsky,  16).  Grützner  (l.c.)  proposes  to  explaiii  the  pheiioiiieiioii 
as  follows  : — “ The  exciting  ciirreiit  may  be  less  than,  equal  to,  or 
sreater  tliaii  the  iierve  current.  lu  the  hrst  case  the  nerve 
current  will  diniinish  at  closure  of  the  exciting  current,  and  when 
the  lutter  is  opened  will  retiirn  to  its  original  height.  When  the 
exciting  current  is  equal  to  the  nerve  current,  the  nerve  current 
(in  the  deriviug  circuit)  sinks  to  zéro  at  closure  of  the  exciting 
current.  On  opening  the  latter  the  nerve  current  returns  froni 
zéro  to  its  original  height.  Lastly,  where  the  exciting  current  is 
stronger  than  the  nerve  current,  its  closure  sencls  into  the 
nerve  a current  less  than,  and  opposite  in  direction  to,  the  nerve 
current.  At  break,  on  the  contrary,  this  reducecl  exciting  cur- 
rent disappears,  and  the  nerve  current  rises  again  froni  zéro  in 
the  momentarily  isoelectric  nerve.”  According  to  Grützner, 
an  exciting  current  weaker  than  the  nerve  current — as  well 
as  one  tliat  is  stronger — excites  when  the  circuit  is  opened.  In 
the  first  case  the  excitation  is  discharged  at  a point  which  lias 
been  rendered  considerably  more  excitable  by  the  kathocle  of  the 
intrinsic  current  ; in  the  second,  on  the  other  hand,  the  action  of 
the  voltaic  alternative  cornes  into  play,  since  a current  traverses 
the  nerve  shortly  after  the  passage  of  a heterodromoiis  current. 
TTie  disappearance  of  a current  just  sufficient  to  compensate  does 
not  excite,  because  the  current  which  rises  froni  zéro  does  not 
find  exit  at  any  especially  excitable  point.  ïhis  coincides  with 
the  tact  that  the  “ breach  ” in  the  opening  twitches  never  appears 
at  isoelectric  points  of  the  nerve,  uiiless  these  hâve  been  polarised 
by  the  previous  passage  of  stronger  ciirrents.  lu  such  cases  the 
lireach  reappears,  if  exciting  currents  are  eniployed  which  are 
heterodronious  to  the  polarising  current  passing  throiigh  the 
nerve. 

Lastly,  we  must  reckon  anioiig  the  phenoniena  of  interférence 
between  nerve  current  and  artificial  exciting  current  the  charac- 
teristic  reaction  which  (as  first  investigated  by  Heriiig,  11)  appears 
in  nerves  that  are  stiniulated  with  induction  currents  in  the 
proximity  of  the  cross-section.  “If  the  électrodes  from  the 
secondary  coil  of  an  induction  apparatus  are  placed  at  a distance 
of  only  2—3  min.  npon  the  freshly  divided  or  ligatured  nerve,  in 
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sucli  a iiiaiiiier  tbat  one  vests  upou  the  traiisverse  section,  or  ])oiiit 
of  ligature,  eveu  iniiiîinal  curi-ents  will  produce  a very  marked  etfect, 
wheii  the  opening  carrent  in  the  nerve  is  abterininal  {i.e.  parallel 
with  the  nerve  carrent).  AVith  atterininal  direction  of  carrent, 
on  the  contrary,  the  eifect — albeit  with  aniform  position  of  élec- 
trodes and  strength  of  carrent — is  very  niach  weaker,  or  fails 
altogether.  If  with  an  abterininal  opening  carrent  the  electrotles 
are  renioved  farther  and  farther  froin  the  cross-section,  the  efiect 
of  the  carrent  déclinés  qaickly,  and  finally  vanishes  altogether. 
If,  on  the  other  hand,  the  opening  carrent  is  atterininal,  .its 
action  on  inoving  the  électrodes  away  froin  the  cross-section 
increases  rapidly,  attains  its  maxiinain,  and  then  subsides  witli 
farther  shifting,  antil  it  disappears  entirely.” 

IT.  Electromotive  Changes  produced  by  Electrical 
Excitation  (Current  of  Action) 

ïhe  State  of  activity  in  nerve-fibres  is  not  characterised  by 
any  directly  visible  alterations  in  the  nerve,  so  that  in  order  to 
recognise  it  the  nerve  must  be  left  connected  with  its  muscle  or 
other  peripheral  organ.  ïhis  acts  as  indicator  for  the  ner\'e, 
silice  neither  optic,  nor  Chemical,  nor  any  other  demonstrable 
alterations  can  be  recognised  in  the  nerve  itself  In  its  electro- 
motive reaction,  however,  du  Bois-Eeymond  perceived  a means  of 
detecting  the  State  of  activity  by  means  of  the  nerve  itself 
Immediately  after  discovering  the  nerve  carrent,  du  Bois- 
lîeymond  foand  in  the  year  1843  that  it  diminished  durimj 
tetanus — i.e.  anderwent  a “ négative  variation’’  the  signs  of  which 
agréé  essentially  with  those  of  the  négative  variation  of  the 
muscle  carrent.  Ida  Bois-Beymond  showed  that,  as  in  the  latter, 
the  effect  is  the  expression  of  an  altered  state  of  the  nerve,  and 
not  of  any  experimental  errors  whatsoever.  Apart  froin  other 
facts  to  be  mentioned  below,  tins  is  more  particularly  seen  in  the 
circamstance  that  the  négative  variation  can  be  observed  with 
even  very  weak  alternatiag  induction  carrents,  quite  independent 
of  the  length  of  tract  between  the  leading-off  and  exciting 
électrodes  in  the  nerve  ; so  that  it  essentially  dépends  apon  a 
diminution  of  E.M.E.,  concomitant  with  the  state  of  tétanie  excita- 
tion in  the  divided  nerve.  ïhe  extent  of  the  négative  variation. 
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measured  by  the  resulting  swing  of  the  galvaiioineter  inagnet,  is  pio 
portional  at  ail  points  of  the  nerve  to  the  strengtli  of  tlie  original 
démarcation  carrent,  and  is  therefore  maximal  on  leading  off  from 
the  cross-section  and  most  positive  point  of  the  longitndinal 
surface,  on  leading  off  from  two  isoelectric  points.  Even  witli 
a maximal  négative  variation,  it  can  be  seen  directly  with 
an  aperiodic  galvanometer  that  the  diminution  of  the  nerve 
current  during  tétanie  excitation  never  amounts  to  complété 
abolition,  so  that  a greater  or  less  fraction  of  E.M.E.  reniains  con- 
stant. ïhe  négative  variation  of  the  démarcation  current  is,  as 
we  should  a 2^nori  anticipate,  the  same  in  non-medullated  as  in 
mednllated  nerve. 

lu  the  olfactory  nerve  of  the  pike  it  was  found  by  Kühne  and 
Steiner  to  be  very  vigorous,  which  agréés  with  the  high  E.M.E. 
of  the  “ current  of  rest.”  Since  non-medullated  nerve,  like 
muscle,  reacts  better  to  stimuli  of  prolonged  duration  than  to 
short  induction  shocks,  the  négative  variation  is  perceptibly 
stronger  when  the  tetanising  excitation  is  efl'ected  by  the  rapid 
make  and  break  of  a constant  current.  Tins  is  more  especially 
the  case  (as  tested  on  molluscan  nerve — Biedermann,  3)  when 
the  unfavourable  effects  of  a current  flowing  in  one  direction  are 
eliminatecl  by  introducing  a rotating  reverser,  or  by  cpiickly  turning 
a Pohl’s  commutator.  At  the  close  of  the  rhythmical  excita- 
tion the  magnet  usually  returns  with  decreasing  rapidity  to  its 
position  of  rest,  or  there  may  in  stale  préparations  be  a négative 
remainder  of  the  dettection.  On  attempting  to  tétanisé  molluscan 
nerve  in  the  ordinary  way  by  means  of  a du  Bois’  sliding  inductorium, 
and  thus  to  obtain  a négative  variation  of  the  démarcation  current, 
there  is  usually  complété  absence  of  effect,  under  the  most  favour- 
able  relations  of  excitability,  even  when  the  coils  are  pushed  close 
together.  Tins  minimal  activity  of  brief  currents  is  also  very 
marked  with  iirterrupted  constant  currents,  where  the  magnitude 
of  the  négative  variation  does  not  usually  increase  (as  in 
mednllated  nerve  under  similar  conditions)  with  increasing 
frecjuency  of  stimulation,  but  on  the  contrary  undergoes  a 
diminution,  which  is  the  more  considérable  in  proportion  as  the 
interruptions  of  the  current  are  more  rapid,  i.e.  as  eacli  single 
stimulus  is  shorter.  Since  a similar  reaction  may  be  observée!  in 
the  electrical  excitation  of  the  non-medullated  claw-nerves  of 
crayhsh,  this  must  be  a widespread  proi)crty  of  non-medullated 
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iierve,  whicli  thus  stiiiids  in  the  saine  relalion  to  luedullated 
fibres  as  sniooth  to  striated  muscle.  In  agreement  witli  tliis, 
the  single  closure  (eventually  the  opening  also)  of  a constant 
current  produces  as  a rule  a inarked  négative  variation  of  the 
démarcation  current,  an  elTect  that  occurs  in  medullated  frog’s 
iierve  only  under  spécial  conditions  (Biederinann,  3). 

Let  the  two  connective  iierves  of  Anodonta  be  prepared 
together,  with  leading-off  électrodes  at  the  cross-section  (after  kill- 
ing  one  end),  and  at  a point  of  the  longitudinal  surface  some  6 
mm.  liigber  up,  wbile  unpolarisable  électrodes  are  simultaneously 
applied  to  tbe  other  end  of  the  pair  of  nerves  (which  are 
nioderately  stretched  between  two  supports),  these  électrodes  beiug 
connected  by  ineans  of  a reverser  with  1—2  l)an.  cells.  There  will, 
then,  at  each  closure  of  tbe  exciting  circuit,  after  compensation  of 
the  démarcation  current,  be  a more  or  less  inarked  deflection  of 
the  magnet  in  the  direction  of  decrease,  or  négative  variation,  of 
the  nerve  current,  the  magnitude  of  which  is  essentially  dépendent 
upon  tbe  direction  of  the  exciting  current.  If  the  latter  flows 
towards  the  end  led  off  (which  may  be  terined  descending),  the 
action  is  invariably  inuch  stronger  than  with  the  opposite 
direction.  Careful  investigation  of  this  plienoinenon  leaves  no 
doubt  that  it  arises  from  the  conséquences  of  e.xciting  the  nerve 
by  the  constant  current,  i.c.  is  a négative  variation  in  the  true 
sense  of  the  word.  This  is  shown  not  merely  by  the  independ- 
ence  of  the  direction  of  the  deflection  from  that  of  the  current, 
but  also  by  the  thne-distribution  of  the  elf'ect,  and  the  relations 
exhibited  between  strength  and  direction  of  exciting  current  on 
the  one  hand,  and  magnitude  of  effect  on  the  galvanoineter  upon 
the  other. 

As  regards,  first,  the  distribution  of  the  négative  variation. 
AVitli  descendins;  direction  of  current  this  usuallv  occurs  so  that 
the  deflection  seems  to  begin  at  the  moment  of  closure,  or 
iinperceptibly  later,  reaches  its  maximum  with  tolérable  rapidity, 
and  then,  the  current  beiug  still  closed,  déclinés  rapidly  at  first 
and  afterwards  more  slowly.  If  the  circuit  is  opened  during  this 
period  there  is  sometinies  a inarked  delay  in  the  backward  pro- 
cess,  or  even  a reinforcement  of  the  négative  deflection.  In  iiiost 
cases,  however,  the  openiiig  lias  no  effect,  or  there  may  even  be 
a jwdtim  after-variation,  which  with  prolonged  closure  of  the 
exciting  current  may  develop  while  the  current  is  passing.  This 
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deflectioii — i.c.  increase  of  tlie  nerve  current,  to  whicli  we  sliall 
returu  below — is  eitliev  (as  in  tlie  majority  of  cases)  snialler  than,  or 
equal  to,  or  eveii  larger  than  the  previous  négative  variation.  Its 
appearance  seems  to  accoinpany  the  niost  favonrable  conditions  of 
excitability  in  the  nerve,  froni  which  we  can  nnderstand  how 
there  conies  often  to  be  a distinct  positive  after-effect  with  the 
hrst  excitations,  that  subseqnently  fails  altogether.  As  regards 
dependence  of  these  excitation  effects  upon  strength  of  cnrrent,  it 
mnst  be  stated  that  visible  effects  upon  the  galvanometer  appear 
first  at  a comparatively  inarked  intensity  of  the  exciting  current, 
and  always  in  the  hrst  place  with  the  descending  direction.  These 
rapidly  increase  in  magnitude,  and  attain  a maximum  that 
is  not  exceeded  with  any  subsecpient  increase  ' of  the  descending 
current,  while  the  négative  variation  at  closure  of  the  ascending 
direction,  on  the  contrary,  déclinés,  and  even  fails  altogether  when 
the  current  is  increased  beyond  a certain  point.  And  as  ascend- 
ing closure  inevitably  produces  a weaker  négative  variation  of  the 
démarcation  current,  its  subsidence  is  invariably  more  rapid  than 
after  the  closure  of  a descending  current.  If  the  exciting  tract 
is  remote  from  the  led-oft'  galvanometer  tract,  the  magnet  usually 
returns  to  its  position  of  rest  even  while  the  current  is  passing. 
With  less  distance  between  the  two,  there  are,  on  the  contrary, 
very  striking  effects  {infra),  which  hâve  nothing  to  do  with  the 
excitatory  manifestations  we  are  here  discussing. 

The  dissimilar  action  of  descending  or  ascending  currents  is 
again  characteristic  at  break  of  the  exciting  circuit.  While  a 
négative  “ opening  variation  ” rarely  appears  distinctly  with 
descending  direction  of  current,  it  may  with  the  ascending 
direction  be  equal  to,  or  larger  than,  the  initial  defiection 
at  closure  of  the  exciting  circuit,  which  then,  as  a rule,  recedes 
considerably,  or  even  fails  altogether.  With  tolerably  strong 
ascending  currents,  and  a longer  distance  between  leading-ofl' 
and  exciting  tracts,  the  négative  opening  variation  is,  as  a rule, 
the  sole  effect  of  stimulation. 

It  is  évident  from  these  data  that  there  are  simple  and 
régulai-  relations  between  the  magnitude  of  négative  variation 
induced  by  closing  or  opening  an  adeipiate  battery  cnrrent,  and 
the  intensity,  direction,  and  duration  of  the  latter,  proving 
immediately  that  we  are  in  presence  of  the  conséquences  of 
make  and  break  excitation. 
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At  closure  of  botli  descendiiig  and  ascendiiig  cun’ents  there  is 
often  a considérable  diminution  of  E.M.F.  l)etween  tbe  longitudinal 
and  transverse  sections  in  tbe  nerve,  wliicli  is,  bovvever,  niuch  less, 
and  continues  for  a shorter  tinie,  witli  tbe  ascending  direction. 
If  the  current  reniains  closed  for  a sufficiently  long  period,  the 
négative  variation  will  eitlier  l)e  entirely  abolislied  in  the  course 
of  a few  seconds,  or  (with  descending  direction)  there  niay  be  a 
remainder  of  négative  variation,  which  only  disappears — if  at  ail 
— on  opening  the  exciting  circuit. 

The  magnitude  of  the  négative  variation  is  therefore  almost 
independent  of  the  distance  between  leading-off  and  exciting 
électrodes.  It  does  not  increase  perceptibly  when  the  intermediate 
tract  is  shortened,  nor  will  it  exceed  a certain  (easily  attained) 
maximum  on  strengthening  the  descending  exciting  current. 
If  the  current,  on  the  other  hand,  is  ascending,  the  négative 
\'ariation  déclinés  with  its  increasing  intensity,  and  is  finally 
aljolished,  exhibiting  therefore,  in  this  respect,  a reaction  precisely 
similar  to  tbat  of  the  closing  excitation  with  ascending  direction 
of  current.  With  respect,  lastly,  to  the  secpielæ  of  the  break- 
effect,  there  is  again  complété  uniformity  between  the  reaction  of 
the  opening  excitation  (in  so  far  as  it  is  expressed  on  exciting 
the  inotor  nerve  by  changes  of  forni  in  the  muscle)  and  the 
alterations  of  the  démarcation  current,  as  ahove.  This  is  more 
especially  true  of  the  dependence  of  the  négative  opening  vaiiation 
upon  the  strength  and  duration  of  the  ascending  exciting 
current.  It  invariably  appears  first  with  a much  higher 
intensity  of  current  than  that  demanded  by  the  closing  effect, 
and  increases  in  proportion  with  the  duration  of  closure  in  the 
exciting  circuit.  Hence  it  is  possible,  with  sufhcieiitly  pro- 
longed  closure,  to  produce  a distinct  négative  opening  ^■ariation, 
even  with  comparatively  wcak  ascending  currcnts.  With 
descending  battery  currents  there  is  seldom  a pronounced  négative 
variation  at  break  ; in  most  cases  it  is  merely  indicated  by  a 
transitory  delay  in  tlie  return  of  the  scale.  The  most  striking 
coincidence  is  that  exhil)ited  between  the  galvanic  effects  of 
excitation  in  non-mednllated  molluscan  nerve,  and  the  mechanical 
effects  in  an  ordinary  nerve-muscle  préparation,  on  employing  an 
electrical  stimulus  corresponding  with  the  hrst  or  third  stage  of 
rilüger’s  law  of  contraction.  In  the  first  of  tliese  two  cases  a 
négative  variation  (closing  excitation)  is  a])parent  at  closure  of 
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both  asceiidiiig  ami  desceiiding  euiTents,  wliile  the  opeiiiiig  ot 
the  excitiiig  circuit  bas  no  visible  el'tect.  lu  tbe  second  the 
conse(|uences  are  exactly  opposite  with  the  two  directions  oi 
carrent,  since  a négative  variation  then  appears  only  with  closnre 
ot'  the  descending  and  opening  of  the  ascending  carrent,  while 
closnre  ot'  ascending  and  opening  of  descending  cnrrents  lias  no 
effect. 

Further  evidence  of  the  causal  relation  between  the  galvanic 
eft'ects  in  question,  and  the  excitation  of  the  nerve  by  carrent,  is 
afforded  in  the  fact  that  both  are  equally  affected  by  killing  the 
terminal  portion  of  the  excitiug  tract.  We  hâve  already  seen 
that  in  medullated  and  non-inedullated  nerve,  as  in  striated  and 
sniooth  muscle,  the  excitatory  process  is  hindered,  or  altogether 
obstructed,  when  the  carrent  enters  or  leaves  at  a point  that  lias 
been  injured.  And  in  fact,  after  killing  a portion  ot  the  exciting 
tract  (2—4  mm.),  the  négative  variation  at  closnre  of  the  ascend- 
ing cnrrent  disappears  alniost  as  completely  in  molluscan  nerve 
as  does,  in  the  other  case,  the  closing  excitation  in  the  muscle. 
On  the  other  hand,  the  négative  variation  is  as  little  affected  by 
the  sanie  injury  at  make  of  the  descending  carrent  as  by 
break  in  the  ascending  direction,  thus  showing  that  the  first 
effect  is  caused  by  an  alteration  of  the  nerve  deriving  from  the 
kathode,  the  second  by  alteration  from  the  anode. 

lu  medullated  frog’s  nerve  an  analogous  effect  is  apparently 
hindered  only  by  the  suppressed  inclination  to  persistent  excita- 
tion from  the  carrent  flowing  at  constant  density.  Engelmann 
(17)  long  ago  observed  on  nerves  that  were  in  the  peculiar  state 
in  which  every  closnre,  or  opening,  of  a battery  current  induces 
more  or  less  sustained  excitation  (expressed  in  the  muscle  by 
closing  or  opening  tetanus),  that  the  galvanonieter  showed  a corre- 
sponding  négative  variation  of  the  démarcation  current,  on 
leading  off  from  the  transverse  section. 

In  order  to  obtain  tins  effect  in  its  integrity  on  medullated 
nerve,  i.c.  undistnrbed  by  other  galvauic  manifestations  to  be 
discussed  below,  it  is  advisable  to  take  very  sensitive  préparations 
of  cooled  fross,  and  to  test  at  maximal  distance  between 
leading-off  and  exciting  tracts,  with  the  weakest  possible  cnrrents. 
A distinct  négative  variation  will  then  regularly  ai)]>ear  below 
the  kathode  of  a descending  current,  reaching  its  maximnm  at  a 
low  intensity  of  current,  and  lieing  invariably  more  pronounced 
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tliaii  ut  closnre  of  an  ascending  curreiit.  On  the  otlier  liand, 
there  is  nsually  in  tbis  last  case  (as  the  galvanic  expression  of 
opening  tetanns)  a négative  defiection,  conditioned  essentially  liy 
the  duration  of  the  previous  passage  of  carrent,  wiiich  déclinés 
very  slowly. 

We  hâve  already  seen  that  the  négative  variation  in  non- 
inedullated  inolluscan  nerve  is  followed,  imder  given  circumstances, 
by  a distinct  'positive  aftcr-variation — i.e.  increase  of  lhe  démarca- 
tion carrent.  Hering  (18)  liad  previonsly  observed  the  same 
effect  in  medallated  frog’s  nerve  during  tetanns,  where  also  the 
négative  variation  of  the  nerve  carrent  is  generally  followed  by  a 
positive  variation  that  mahes  its  appearance  at  the  close  of 
excitation,  immediately  subséquent  to  the  négative  variation.  ïhus 
du  Bois-Eeymond’s  statement  that  “ the  needle  of  the  multiplier 
invariablyreturns  to  rest  more  or  less  imperfectlyafter  tétanisation” 
(which  he  attributes  to  loss  of  E.M.F.  in  the  nerve  in  conséquence 
of  the  previous  excitation)  is,  as  Hering  points  ont,  inadéquate. 

The  effect  is  most  distinct  when  the  nerve  carrent  lias  beeii 
previonsly  compensated.  “ The  négative  variation  is  then 
expressed  in  the  detlection  of  the  magnet  from  its  point  of  rest, 
in  an  opposite  direction,  by  the  now  prédominant  compensation 
carrent.  At  close  of  excitation,  however,  the  magnet  does  not 
merely  return  to  its  zéro-point,  but  passes  beyond  it,  and  is  then 
immediately,  or  shortly  after,  reversed,  and  slowly  settles  down  at 
zéro.  Tins  is  the  positive  after-variation.”  Owing  to  its  rapid 
subsidence,  and  to  the  slnggishness  of  the  magnet,  the  elfects  are 
generally  still  stronger  when  the  galvanonieter  circuit  remains 
open  during  excitation,  and  is  only  closed  immediately  afterwards. 
“ The  positive  after-effeet  increases  up  to  a certain  point  with  the 
duration  of  excitation.  It  is  already  visible  when  the  stimulus 
lasts  only  a fraction  of  a second,  and  reaches  considérable  pro- 
portions after  excitation  for  one  second.  The  incrément,  as  pro- 
duced  by  duration  of  excitation,  is  only  conspicuous  in  very 
brief  periods  of  stimulation.  It  subsequently  grows  but 
little  with  an  increased  duration  of  stimulation,  déclinés  again 
when  the  excitation  exceeds  a certain  limit,  and  disappears 
altogether  with  further  prolongation”  (Hering).  Head  (10), 
who  studied  the  positive  after-variation  more  closely  under 
Hering’s  guidance,  found  that  it  increased  withiii  certain  limits 
with  intensity  and  duration  of  stimulation.  Under  favourable 
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conditions  (more  especially  in  préparations  of  cooled  Tcmforarm) 
the  positive  detlection  not  infretpiently  exceeded  tlie  préviens 
négative  variation.  I n Fk,.  cscidcnta,  according  to  Head,  the  average  ot 
maximal  positive  variations  was  something  over  50  per  cent  tliat  of 
the  largest  négative  elfects  ; in  E.  fcmporaria  it  was  over  8 1 per  cent. 
In  “ warm  ” frogs  kept  for  several  days  in  a rooni  where  the  tempér- 
ature did  not  fall  below  15°  C.  even  at  night,  the  po.sitive  after- 
variation  invariably  failed,  in  spite  of  a marked  négative  variation. 
This  seems  to  he  due  to  some  alteration  at  the  longitudinal  lead- 
off,  developed  at  the  close  of  the  stimulation,  and  opposed  in  its 
electrical  relations  to  the  effect  of  excitation.  It  may  perhaps  he 
regarded  as  the  galvanic  expression  of  some  reaction  of  the 
excitable  sulistance  from  the  préviens  excitation  (as  négative 
variation  upon  the  galvanometer),  a process  of  restitution  that 
only  appears  fully  under  favourable  conditions. 

From  this  point  of  view  it  is  intelligible  that  the  positive 
after-variation  should  increase  within  certain  limits  with  the 
duration  of  the  préviens  excitation,  as  also  that  with  repeated 
stimulation  the  positive  should  décliné  before  the  négative  effect. 
For  the  potential  reaction  in  the  nerve  must  be  essentially  reduced 
by  persistent  activity,  supposing  this  to  be  accompanied  by  definite, 
even  if  minimal,  metabolism.  The  “ non-fatiguability  ” of  inedullated 
nerve  proves  this  to  occur  only  in  the  lowest  possible,  and  not 
directly  demonstrable,  degree.  The  positive  after-effect  (or,  more 
correctly,  its  absence)  would  accordingly  be  the  only  certain 
criterion  of  fatigue  in  nerve -substance.  “The  more  or  less 

exhausted  nerve  is  characterised  less  liy  weakened  response  to 
excitation,  than  by  failure  to  give  the  opposite  reaction  at  the 
cessation  of  the  stimulus,  as  energetically  as  the  fresh  nerve.  The 
vigour  of  this  reaction,  as  expressed  in  the  positive  (after)  varia- 
tion, is  the  measure  of  enei’gy  in  the  nerve  ” (Head). 

In  view  of  the  extraordinary  résistance  of  inedullated  nerve, 
whether  cold-  or  warm-blooded,  to  the  total  interruption  of  its 
normal  nutritive  relations  {supra),  it  is  scarcely  surprising  that 
the  négative  variation  should  appear  on  the  galvanometer  as  the 
expression  of  excitation  (like  the  excitation  itself  in  the  nor- 
nially-nourished  and  natural  end-organ),  long  after  the  nerve  lias 
been  isolated.  Hermann  (19)  often  observed  galvanic  manifesta- 
tions of  excitation  in  ralibit’s  nerves  for  several  hoiirs  after 
the  muscle  had  ceased  to  respond,  and  had  indeed  lost  its 


EL  EOTRO-  l’H  VSIOLOGY 


CHAI’. 


2,'.0 


direct  excitability.  Fiédcricq  (1)  observed  a négative  variation 
in  the  nerves  of  rabliit,  dog,  and  liorse,  witli  electrical  stininlation, 
np  to  24  liours  after  death,  and  Boruttau  (20)  claiin.s  to  bave 
kept  frogs’  nerves  for  7 to  12  days  at  low  température  without 
impairing  tlieir  faculty  of  giving  a distinct,  though  weak,  négative 
variation  when  electrically  excited.  Lastly,  Steinacb  (21)  bas 
observations  to  tbe  effect  tbat  (recently)  dried  frogs’  nerves 
yield  a genuine  négative  variation  again,  if  tbey  are  batbed  in 
0’6  % NaCl.  Starting  from  certain  purely  pbysical  effects  on 
tbe  so-called  core-model  {infra),  Boruttau  tbence  concludes  tbat 
“ tbe  persistence  of  tbose  properties  in  tbe  nerve,  by  virtue  of 
wbicb  its  galvauic  manifestations  wben  at  rest  (démarcation 
current),  and  during  electrical  action  (négative  variation),  are  to 
1)6  observed,  must  be  referred  less  to  tbe  survival  of  tbat  by 
wbicb  tbe  nerve  is  still  capable  of  discbarging  muscular  activity, 
tban  to  tbe  conservation  of  its  normal  structure.”  In  otber 
wmrds,  “ tbe  galvauic  eftect  known  as  tbe  négative  variation  of 
current  appears  in  tbe  nerves  of  dead  préparations  also,  wben 
tbese  are  submitted  to  tbe  saine  electrical  stimulus  tbat  calls  out 
muscular  activity  in  fresb  préparations.”  “ Botb  mecbanical 
stimuli  (cutting,  crusbing)  and  cbemical  excitation  ” produce, 
according  to  Boruttau,  a négative  Anriation  from  “ dead  ” frogs’ 
nerves,  8 days  old,  on  tbe  capillary  electrometer,  and  be  finds 
tbe  saine  resuit  from  tbe  vago-sympatbetic  of  tbe  dog,  on 
tetanising  it  niecbanically  2 to  3 days  after  excision. 

(iranting  tbe  facts  as  stated  in  tbese  observations,  tbe  con- 
clusions can  bardly  be  accepted.  Unless  absolute  reason  can  be 
sliown  to  tbe  contrary,  we  are  presumably  justified  under  ail 
circumstances  in  maintaining  tbat  tbe  négative  variation  in  nerve, 
as  in  muscle,  is  the  [jalvanic  expression  of  excitation  in  livincj  nerve 
— a vital  physiolofjical  manifestation — and  not  merely  an  “ undu- 
lating  (pbysical)  katelectrotonus.”  No  one  accustomed  to  consider 
tbe  excitatory  manifestations  of  living  matter  from  a general  point 
of  view  can  for  an  instant  doubt  tbat  tbe  négative  variation  is 
to  be  regarded  as  a spécial  case  of  tbe  action  current,  not  merely 
in  mednllated,  but  also  in  non-medullated  nerve,  in  sniootb  and 
in  striated  muscle  ; probably  indeed  in  many  otber  kinds  of 
excitable  pi'otoplasm  as  tbe  concomitant,  and  eifect,  of  tbose 
cbemical  alterations  wbicb,  properly  speaking,  constitute  tbe  pro- 
cess  of  excitation.  C.’learly  we  ougbt  not  to  revive  in  “ nerve 
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aiul  muscle  pliysics  ” (where  it  luiig  euough  blocked  the  way) 
the  one-sided  ])hysical  conce]>tiou  of  vital  plieuomeiia  so  receiitly 
disproved  iii  ail  departmeiits  of  physiological  investigation.  Tliere 
is,  on  the  otlier  hand,  no  sufficient  reason  for  regarding  the  nerves 
on  which  Boruttau  experimented  as  really  dead,  with  no  re- 
niainder  of  physiological  excitahility  ; as  will  he  admitted  hy  every 
one  who  lias  seen  how  even  warm-hlooded  nerves  {e.g.  vagus), 
when  divided,  and  completely  isolated  hy  lil'ting  them  ont  of  the 
woiind,  so  that  they  cannot  he  normally  nourished,  may  be  suc- 
cessfully  excited  inany  hours  afterwards,  provided  ouly  that  the 
peripheral  organ  (heart,  respiratory  centre)  be  in  good  condition. 
Ululer  ail  circiinistances,  the  failure  of  indirect  and  even  of  direct 
niuscular  excitahility  in  no  way  establishes  the  complété  death  of 
the  nerve  belongiiig  to  it,  and,  notwithstanding  Boruttau’s  protest, 
we  may  still  legitimately  classify  the  action  current,  as  well 
as  the  négative  variation  of  ail  excitable  tissiies,  under  one 
category. 


III.  Electromotive  Changes  pkoduced  by  Stimulation 

OTHER  THAN  ElECTKICAL 

The  galvanonieter,  by  recording  the  négative  variation  of 
tlie  nerve,  is  thus  {supra)  a reliable  indicator  of  the  State  of 
its  excitahility,  without  fiirther  référencé  to  the  alterations 
of  the  peripheral  end-organ.  It  niust  be  admitted  to  afford 
indubitable  evidence  of  conductivity  in  both  directions.  If 
the  peripheral  end  of  a niotor  nerve  is  stimiüated,  a négative 
variation  appears  on  leading  off  from  the  central  eut  end,  and 
rice  versa.  Again,  on  exciting  a purely  centripetal  (sensory) 
nerve,  the  négative  variation  may  be  demonstrated  at  any  point 
peripheral  to  the  seat  of  excitation.  Eroiii  this  point  of  view  it 
becomes  essential  to  test  the  négative  variation  with  excitation 
other  than  electrical.  We  are  already  familial-  with  the  fact  that 
nerves  which  are  dissimilar  in  fuiiction  do  not  react  alike  to 
identical  stimiili,  but  exhibit  niarked  différences.  Grützner  (22), 
e.f).,  showed  that  centrifugal  and  centripetal  nerves  react  quite 
differently  to  thermal  exdtaiion,  the  latter  liecoming,  with  few 
exceptions,  higlily  excitable  at  a température  of  40°  to  50°  C., 
while  the  former  (with  the  exception  of  the  vaso-dilators)  do 
not  seeiii  to  be  excited.  Sti'ictly  speaking,  however,  these 
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experinieiits  prove  nothing  as  to  the  processes  that  are 
taking  place  within  the  ncrve,  the  coiiclnsion  beiiig  only  formed 
retrospectively,  from  the  reaction  of  the  peripheral  organ.  If  tlie 
niotor  apparatus  exhibits  activity  when  the  iierve  is  stiniulated 
by  any  means,  thei’e  eau  of  course  be  no  doubt  as  to  its 
excitation,  ütherwise,  however,  tliere  are  two  possible  alter- 
natives : either  the  nerve  is  not  really  excited,  or  at  least  the 
excitatory  process  is  not  transmitted  ; or  the  terminal  apparatus 
may  not  react  to  the  conducted  stimulus  (Grützner,  l.c.). 

If,  then,  the  négative  variation  is  a true  expression  of  excita- 
tion in  the  nerve,  it  afîords  a simple  and  convenient  means  of 
testing  the  excitability  of  different  nerves,  independent  of  the  end- 
organ,  towards  varions  stimuli.  Here,  again,  there  are  two  alter- 
natives: (1)  homogeneons  stimuli,  acting  upon  different  nerves,  may 
produce  the  same  négative  variation,  and  in  tins  case  the  dis- 
parity  of  effect  must  be  referred  to  the  end-organ  ; (2)  the 
négative  variation  itself  may  differ,  in  correspondence  with  the 
dissimilar  effects  of  excitation  in  the  end-organ.  The  cause  of 
the  lieterogeneous  effects  must  then  lie  within  the  nerve  itself. 
From  this  point  of  view  Grützner  (22)  in  the  first  place  iuvesti- 
gated  the  effect  of  thermal  excitation  upon  - the  négative  variation 
in  different  nerves.  A similar  experinient,  but  oiie  that  is  open 
to  criticisni,  had  been  made  b}^  du  Ijois-Eeymond  (23).  He 
placed  the  nerve  (frog’s  sciatic)  upon  a layer  of  moist  gunpowder, 
wliich,  when  lighted,  charred  the  nerve  from  one  end  onwards. 
Netwithstanding  the  indisputably  drastic  stimulus  to  the  succes- 
sive sections  of  the  nerve  (which,  by  the  way,  can  hardly  be 
termed  “ thermal  ”),  the  galvanic  conséquences  were  very  incon- 
spicuous,  and  not  to  be  compared  with  the  marked  effects  of 
electrical  excitation.  Obviously,  as  was  pointed  ont  by  Grützner, 
the  négative  variation  may  bore  be  checked  ah  initia  by  the  un- 
avoidable  shortening  of  the  excitable  portions  of  the  nerve. 

Yet,  with  a more  perfect  niethod,  Grützner  ftiiled  in  obtain- 
ing  any  effective  results.  At  températures  of  40°— 50°  G.  the 
démarcation  current  of  frog  nerves  did  indeed  décliné  perceptibly, 
but  only  to  an  inconspicuous  degree,  and  very  slowly  ; there  was, 
moreover,  as  a rnle,  a persistent  diminution  of  the  current,  so 
that  the  effect  was  hardly  comparable  with  that  from  electrical 
stimulation.  Experiments  on  the  anterior  and  posterior  roots 
gave  still  less  certain  resnlts,  so  that  the  question  whether 
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thermal  stiinuli  alfect  ceiitripetal  more  tliuu  eeiitrü'ugal  iierves 
must  theretbre,  as  conceriis  tlie  magnitude  of  the  négative  varia- 
tion, reniain  uiulecided.  Nor  did  Grützner  elicit  négative 
^'ariation  froin  incchciiiical  stimuli  {c.g.  scissors-cut)  at  any  tlistance 
from  the  seat  of  excitation.  Only  when  the  incision  came 
within  10  mm.  of  the  longitudinal  electrode  was  there  a slight, 
and  that  a permanent  diminutian  of  the  current.  On  the 
other  hand,  in  dividing  the  non-medullated  olfactory  nerve  of 
the  pike,  Hering  (24)  fourni  not  nierely  a strong  négative  varia- 
tion, but  a distinct  positive  after-effect  also,  and  analogous  results 
are  exhihited  hy  non-medullated  molluscan  nerve  (Biedermann). 
iSteinach  (21)  has  recently  succeeded  in  proving  that  in  suitable 
frogs’  nerves  {e.g.  from  cooled  animais)  each  single  eut  will,  under 
certain  conditions,  produce  a niarked  négative  variation,  the  time- 
distribution  of  wbich  corresponds  as  a rule  with  that  found  in 
electrical  stimulation.  The  inirror  swings  back  rapidly,  and  reaches 
the  point  of  rest  again  more  slowly.  Tins  is  olndously  in  line 
with  the  slow  subsidence  of  the  persistent  excitation,  as  expressed 
in  the  inclination  of  a muscle  to  tetanus,  when  its  nerve  is  excited 
l;>y  the  constant  current,  or  by  short-circuiting  of  its  own  current. 
Boruttau  (p.  31)  also  noted  positive  results  in  frog  nerve 
with  mechanical  excitation,  both  with  simple  division  and  in 
mechanical  tetanus. 

With  Chemical  excitation  by  NaOl,  Grützner  observed  a 
graduai  diminution  of  current,  while  Kühne  and  Steiner  (2) 
ol)tained  a négative  variation  of  the  démarcation  current  on  the 
pike’s  non-medullated  olfactory  nerve,  under  the  saine  conditions. 
AVhether  the  poverty  of  effect  is  due  solely  to  asynchronous 
excitation  of  the  separate  fibres  of  the  nerve-trunk  (Grützner), 
or  to  other  factors  also,  is  uncertain. 

After  cutting  off  the  part  of  the  nerve  that  had  lieen  excited, 
or  liathing  it  in  physiological  saline,  Steinach  found  that  the 
diminution  of  the  démarcation  current  due  to  Chemical  stimula- 
tion was  coni])letely  neutralised.  Alcohol  proved  tlie  most 
effective  excitant,  and  here  again  there  was  a niarked  différence 
between  cooled  and  warmed  frogs.  With  the  former,  immersion 
of  the  central  end  of  the  nerve  produced  tetanus  of  the  Üexors, 
succeeded  by  a vigorous  extensor-tetaims,  while,  under  similar 
conditions,  a nerve-rnuscle  préparation  from  a warmed  frog  gave 
only  a few  twitches,  and  was  then  quiescent. 
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'J’iie  négative  variation  ot  tlie  nerve  ciirrent  is  nnder  ail  cir- 
cunistances  a far  less  sensitive  excitatory  reagent  than  the 
reaction  froni  the  natnral  end-organ.  Even  in  electrical  excitation 
the  visil)le  reaction  froni  the  nmscle  appears  earlier,  i.c.  at  a 
greater  distance  of  coil,  than  the  négative  détection  on  tlie  gal- 
vaiionieter.  The  requisite  interval  of  durent  intensity  is  invari- 
ably  ninch  greater  in  warined  than  in  préparations  of  cooled 
frogs.  Steinach  excited  hoth  sciatic  nerves  siniultaueouslv  with 
induction  currents,  one  nerve  being  connected  with  the  leg,  while 
he  led  off  froin  the  other  to  the  galvanonieter.  In  a warined 
frog,  tetanus  first  appeared  with  the  coils  43  cm.  apart,  the 
négative  validation  at  27  cm.;  in  a cooled  frog  tlie  distances  were 
respectively  39  and  38  cm.  Granting  that  these  experiments 
are  inconclusive  as  regards  the  presence  of  qualitative  différences 
in  the  nerve-fibres,  the  fact  that  the  negativ'e  variation  is  some- 
tinies  very  weak,  or  altogether  absent,  in  electrical  stimulation, 
where  ail  the  fibres  are  simultaneously  and  equally  excited,  at 
least  suggests  this  inference.  Ercdéricq  (1)  remarked  iipoii  the 
insignificance  of  the  négative  variation  in  electrical  excitation  of 
mammalian  nerve,  and  Grützner  lias  recently  notified  the  saine 
effect.  No  trace  of  négative  variation  can  be  obtained  froni  an 
artificially-cooled  rabbit,  althoiigh  the  saine  excitation  of  the  sciatic 
nerve  causes  a pronounced  tetanus  of  the  muscle.  Apparent ly 
the  alterations  fundamental  to  the  négative  variation  are  in  this 
case  not  transmitted,  althoiigh  the  nerve  as  a whole  is  still 
excitable,  and  able  to  conduct,  at  ail  points.  The  négative 
variation  may  be  observed  in  normal,  iincooled,  mammalian  nerve, 
always,  liowever,  in  a strikingly  inferior  degree  froni  that  of  frogs’ 
nerve.  In  this  case  a negativ^e  variation  of  10  per  cent  of  the 
nerv^e  current  is  readily  obtained  with  maximal  currents,  while 
the  saine  stimulus  only  elicits  a variation  of  4 per  cent  in 
mammalian  nerve. 

In  ail  these  cases  we  bave  been  concerned  with  excitation  of 
the  nerve  in  its  continuity.  What,  in  the  neæt  place,  is  the 
ncfiative  ■variation  on  stimulât ing  the  natural  encl-organ  (central 
or  p>erip)heral)  of  the  nerve-fihre  ? We  are  again  indebted  to 
du  Bois-Iieymond  for  the  tirst  observations  on  this  point.  In 
strychnia-spasm  he  observed  a distinct  diminution  of  the  longi- 
tudinal-transv^erse  current,  on  the  frog's  sciatic  nerve  still  in  con- 
nection with  the  spinal  column.  In  the  conviction  that  the 
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négative  \’ariatioii  was  to  be  regardée!  as  tlie  galvanie  expression 
of  exeitation,  dn  Bois-lleyinund  })oisoned  a eonvenieiitly  arrangée! 
frog  witli  stryehnici,  and  tlien,  ai'ter  ligatnring  t!ie  iüae  artery  on 
one  side,  e!ivie!ee!  tlie  sciatic  nerve  of  t!ie  sanie  side  at  t!ie  knee, 
aii(!  ex})osed  it  as  far  as  t!ie  vertébral  eolninn.  He  tlien  !ee!  olf 
to  t!ie  nuütipüer  froin  the  perip!ieral  end.  If  tlie  strychnia- 
spasin  liappenee!  to  coincide  witb  tlie  moment  at  whicli  tlie  neeelle, 
after  detiection  by  tlie  nerve  cniTent,  !iae!  retnnied  to  rest,  it 
swnng  back  several  degrees  at  tlie  commeneement  of  tlie  s[)asm. 
The  experiment  is,  however,  most  nncertain,  and  dépends  npon 
varions  irregnlar  conelitions.  On  the  other  liand,  there  is  regn- 
larly,  on  exeiting  tlie  motor  zone  of  tlie  cerebnd  cortex,  a 
négative  variation  of  the  longitnelinal-transverse  current  in  the 
spinal  meelulla,  expressed  on  the  capillary  electrometer  as  a suc- 
cession of  rhythmical  oscillations,  oceniTing  simiiltaneonsly  with 
epileptic  spasms  in  the  muscles. 

In  opposition  to  the  inarked  effects  on  leading  off  from  longi- 
tudinal anel  transverse  sections  of  the  spinal  cord,  there  is,  as  was 
shown  by  Gotch  and  Horsley  (5),  very  little  resnlt  from  leading 
otf  at  the  eut  end  of  the  sciatic  nerve,  diiring  excitation  of  the 
motor  zone.  According  to  Horsley’s  observations  the  excitation 
diminishes  on  its  way  from  the  cord  to  the  mixed  nerve,  by  more 
than  80  per  cent.  The  sanie  différence  appears  wheii  the  fibres 
of  the  corona  radiata,  instead  of  the  cortex,  are  directly  excited. 

If  it  is  thus  established  that  eiferent  impulses  from  the 
centres,  however  excited,  prodiice  a négative  variation  of  the 
nerve  current,  more  recent  observations  seem  to  establish  the 
same  for  sensory  impulses  also.  Du  Bois-Eeymond  made  experi- 
ments  to  see  whether  excitation  of  the  natiiral  endinc:  of  a 
sensory  nerve  by  an  adéquate  stimulus  iniglit  not  resnlt  in 
movement  of  the  multiplier-needle,  instead  of  in  sensation  (just  as 
the  motor  nerve  in  the  above  experiment  with  strychnine  had 
displaced  the  magnet,  and  not  the  muscle).  He  obtained  a 
négative  variation  on  the  frog’s  sciatic  when  the  leg,  with  the 
skin  in  situ,,  was  progressively  scalded  with  boiling  sait  solution 
from  tendon  to  knee,  or  corroded  and  burned  with  concentrated 
siilphnric  acid  (23).  Yet,  as  du  Bois-Eeymond  himself  pointed 
ont,  this  was  rather  “ tetanising  of  the  sciatic  throngh  its 
entaneous  liranches,”  than  excitation  of  the  sensory  end-organs 
of  the  skin.  Küline  (9)  in  fact  foiind  that  the  négative  variation 
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persisted  wlieii  the  skiii  was  stiipped  oli'  belbre  scalding  to  a 
ligature  at  the  foot,  and  tlien  lifted  back  as  far  as  the  knee,  after 
dividing  the  cutaiieous  nerves,  or  removiug  theni  completely. 
On  the  other  haud,  he  succeeded  (9)  iii  demonstrating  the  négative 
variation  of  the  ojjtic  nerve  on  stiiiiulating  the  retina  with  light, 
in  the  eye  of  the  pike,  as,  later  on,  in  that  of  the  perch,  and  still 
more  perfectly  in  the  frog’s  eye.  It  is  therefore  certain  that 
the  current  of  the  sensory  nerves  reacts  in  this  case  to  the 
highly-specialised  excitation  of  the  épithélial  end-apparatus  by 
light,  exactly  as  that  of  the  mixed  or  inotor  nerve  reacts  to 
excitations  of  ail  kinds,  it  being  imrnaterial  whether  the  stimula- 
tion proceeds  from  the  central  ganglion -cells,  or  whether  it 
impinges  upon  the  continuity  of  the  nerve  itself,  as  a mechanical, 
Chemical,  thermal,  or  electrical  stimulus.  In  every  case  it  is  the 
saine  négative  variation  of  current  in  the  nerve  that  appears 
as  the  concomitant  of  excitation,  and  this  is  one  of  the  main 
supports  of  the  prevailing  theory  of  the  physiological  homo- 
geneity  of  ail  nerve-fibres,  and  of  the  identity  of  the  excitatory 
process  within  them.  It  is  a striking  fact  “ that  the  optic  nerve, 
during  the  continuons  stimulation  of  its  - terminal  organ  by  light, 
gives  110  different  reaction  from  that  of  a tetanised  nerve,  under 
discontinuons  electrical  stimulation.  If  in  the  last  case  we  hâve 
reason  to  believe  the  galvanometer  inadecpiate  to  show  the  pre- 
siimptive  discontinuity  of  the  variation,  we  must  in  the  former 
instance  accept  its  evidence,  since  there  is  no  reason  to  suppose 
that  the  immédiate  effects  of  sustained  illumination  are,  like  most 
other  tetani,  discontinuons”  (Kühne). 

This  persistent  diminution  of  current  in  the  optic  nerve 
may  be  termed  phototonus  (KiUiiie).  It  is  a striking  fact 
that  the  close  of  the  illumination,  i.e.  cessation  of  excitation 
by  light — “ or,  more  properly,  the  resiimption  of  certain  retinal 
processes  interrupted  by  light — is  also  marked  by  a final  négative 
variation  of  the  optic  nerve,  which  cannot  be  interpreted  other- 
wise  than  as  a repeated  excitation  traversing  the  nerve.”  If 
“phototonus”  is  thus  a sign  of  activity  in  the  optic  til)res,  we 
may  justly  conclude  with  Kiihne  {Le.)  “ that  the  cutting-off  of  light 
is  able  to  produce  a greater  effect  upon  the  central  organ,  and  to 
discharge  a more  intense  sensation  (excitation),  than  the  prolonged 
action  of  the  saine  light  upon  the  eye.” 

At  the  saine  time  we  cannot  overlook  the  fact  that  the 
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similarity  of  electroiiiotive  reaction  in  the  two  cases  proves 
notliing  as  to  (pialitative  equality  of  Chemical  process.  Hering 
points  ont  tliat  “ we  inust  liesitate,  in  view  of  the  endless 
variety  of  the  diüerent  Chemical  processes  by  which  clectrical 
currents  are  engendered,  to  affirm  an  ecpiality  of  internai  process 
in  the  nerve  from  the  similarity  of  electromotive  reaction  in 
two  nerve -fibres  (more  especially  in  those  of  which  the  excita- 
tion produces  very  dissimilar  central  and  peripheral  reactions), 
or  in  one  and  the  same  fibre  imder  different  conditions  : or 
to  exclude  the  possibility  that  different  kinds  of  internai  altera- 
tion may  he  transmitted  within  certain  nerves,  or  even  to 
assume  the  sanie  process  for  ail  nerves  (with  the  single  possible 
exception  of  certain  sensory  nerves).”  “Muscle,  gland -cells, 
plant  cells,  perhaps  indeed  ail  living  substances,  exhibit  under 
certain  conditions  an  electrical  reaction,  which  from  its  very 
commencement  présents  a striking  analogy  with  the  electrical 
reaction  of  nerve.  Should  we  therefore  ” (continues  Hering) 
“ conclude  that  the  internai  Chemical  processes  which  are  the 
cause  of  these  manifestations  are  alike  in  ail  parts  of  the  living 
substance,  or  that  when  the  same  electrical  effects  occur  in  two 
cases  within  the  same  substance  the  underlying  Chemical  altera- 
tions must  necessarily  be  the  same?”  (Hering,  24,  p.  19  ff.) 
From  this  point  of  view  it  is,  if  surprising,  at  least  intelligible 
that  the  presumahly  assimilatory,  cardiac  inhibitory,  vagus  fibres, 
the  excitation  of  which  produces  a positive  variation  of  the 
muscle  current,  should,  even  as  regards  their  galvanic  reaction 
to  excitation,  differ  in  no  respect  from  other  nerve-fibres. 

S.  Fuchs  (25)  has  recently  communicated  some  interesting 
observations  upon  the  négative  variation  of  centripetal  nerves 
during  adéquate  excitation  of  their  peripheral  end-organs.  The 
Selachians,  and  notably  the  Torpecliniclce,  possess  a spécial  System 
of  canals  beneath  the  skin,  which  partly  open  under  the  skin 
(Lorenzinian  ampullæ  and  pectic  tubes),  and  partly  form  hlind 
sacculæ  (Savian  bladders),  ljut  are  always  intimately  connected 
with  the  nervous  System,  and  are  undouhtedly  sense-organs.  In 
Torpcdo,  the  I.orenzinian  ampullæ  are  globular  sacs  divided  into 
four  compartments  by  partition  walls.  These  sacs  are  enclosed  in 
a spécial  capsule,  of  which  there  are  two  pairs  in  Torpédo;  one 
pair  lies  in  the  nose  exactly  in  front  of  the  eyes,  and  contains, 
according  to  Leydig,  about  100  ampullæ,  in  the  two  capsules,  the 
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canals  for  tlie  luost  part  opeiiiiig  agaiiist  tlie  wall  of  tlie  body. 
The  second  pair  of  capsules  lies  farther  back,  at  the  exteriial  wall 
of  the  electrical  organ.  'iTie  System  of  Savian  bladders  coiisists 
of  saccules  2—3  mm.  in  diameter,  which  in  life  are  perfectly 
transparent.  These  occupy  the  four-sided  space  between  the 
anterior  ends  of  the  electrical  organ  as  far  as  the  npper  lip,  and 
extend  still  farther  backward.  “ Each  sac  consists  of  a homo- 
geneous  membrane  of  connective  tissue,  and  is  iilled  with  a clear 
gelatinous  mass.  The  ingoing  nerve  forces  its  way  throngh  a 
peculiar  felted  tissue,  which  lies  like  a cnshion  at  the  lower  part 
of  the  bladder;  it  then  divides  into  three  branches,  of  which  the 
central  is  the  strongest.  Each  of  these  forms  a kind  of  expan- 
sion, which  supports  the  true  sensory  epithelium  (hair-cells 
resembling  the  auditory  cells  of  the  organ  of  Corti).  Tn  the 
cervical  région  this  structure  is  supplied  by  the  trigeminal  nerve, 
in  the  région  of  the  trunk  by  the  vagus. 

After  extirpation  of  brain  and  cord,  the  trigemiuus  (which 
supplies  the  latéral  ampullæ  and  Savian  vesicles)  was  dissected 
out,  the  central  end  of  the  nerve,  which  is  2—3  cm.  long,  being 
laid  by  its  long  and  transverse  sections  across  unpolarisable  élec- 
trodes; there  was  then  a distinct,  if  small,  deflection  on  the 
galvanometer,  in  the  direction  of  a négative  variation,  each  time 
the  skin  was  lightly  compressed  above  the  latéral  packet  of 
Lorenzinian  ampullæ  and  Savian  vesicles.  It  was  subsequently 
found  that  the  last  alone  are  responsible  for  the  effect. 

This  is,  therefore,  the  second  authenticated  case  in  which 
excitation  of  the  perijoheral  end  of  a sensory  nerve  by  adéquate 
stimuli  qoroduces  négative  variation  of  the  démarcation  carrent  in 
the  divided  trunJc  of  the  nerve.  Obviously  tlieiæ  is  here  a wide 
and  still  unexplored  field. 

The  electromotive  changes  in  the  central  endings  of  the 
superior  sensoiy  nerves — i.e.  the  sensory  cortical  régions — in 
conséquence  of  adéquate  excitation  of  the  peripheral  sense-organ 
(eye,  ear),  are  of  the  greatest  interest,  although  theoretically  still 
obscure  : this  is  not,  however,  the  place  to  disenss  them.  AVe 
must  now  return  to  the  négative  variation  of  peripheral  nervés 
under  artificial  excitation. 
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IV.  Time-Eelations  of  Action  Current  as  determined 

BY  EiIEOTOME 

If  a single  brief  stimulus,  e.g.  an  induction  sliock,  is  sent  into 
the  nerve,  the  existence,  mucli  less  the  tiine-relations  of  the 
négative  variation,  will  Imrdly  be  recorded  by  tbe  galvanonieter, 
owing  to  tbe  sluggishness  of  its  magnet.  We  are  therefore  driveu 
back  upon  tbe  repeating  metbod,  witb  tbe  rbeotome,  for  tbe 
solution  of  tbe  questions  already  familiar  to  us  in  muscle.  Tbe 
metbod  and  instrument  bave  already  been  described  (vol.  i.  p.  367). 

Bernstein  (26)  found,  in  investigating  tbe  course  of  tbe 
négative  variation  of  tbe  nerve  current  witb  tetanising,  electrical 
stimulation,  tbat  tbere  was  a measurable  period  between  tbe 
excitation  of  any  point  of  tbe  nerve  and  tbe  commencement  of  a 
négative  variation  (i.e.  negativitij)  at  a more  distant  lead-off, 
corresponding  witb  tbe  rapidity  of  transmission  of  tbe  négative 
variation  in  tbe  nerve,  and  tbe  distance  between  tbe  point  of 
excitation  and  tbe  first  longitudinal  contact.  Tbe  distance 
between  excited  point  and  transverse  section,  on  tbe  otber  band, 
is  immaterial.  From  tbis  we  may  conclude,  as  in  muscle,  tbat 
tbe  process  of  négative  variation  in  tbe  part  led  off  begins  at  tbe 
précisé  moment  in  wbicb  tbe  excitatory  process  transmitted  in 
tbe  nerve  arrives  at  tbe  longitudinal  electrode.  It  is  furtber 
évident  tbat  tbere  is  no  perceptible  interval  between  tbe  moment 
of  stimulation  by  induction  currents  and  tbe  commencment  of 
negativity  at  tbe  excited  point.  The  négative  variation  lias  no 
latent  period.  Botb  in  medullated  and  non-medullated  nerve 
tbe  négative  variation  is  transmitted  at  a rate  corresponding  witb 
tbat  of  excitation,  so  tbat  tbe  negativity  of  any  point  of  tbe 
nerve  may,  as  in  muscle,  be  accepted  as  tbe  galvanic  expression 
of  excitation.  Fucbs  (4)  determined  tbe  transmission  rate  of 
tbe  négative  variation  in  cepbalopod  nerves  as  sometbing  between 
less  tban  1 m.  and  3 '5  m.,  according  to  température.  Within  a 
given  range  it  increases  with  strcngth  of  stimtdtLS. 

Tbe  proce.ss  of  négative . variation  witbin  a tract  of  nerve  is 
furtber  found,  on  leading  off  from  longitudinal  and  transverse  sec- 
tions, not  to  be  instantaneous,  l)ut  to  last  for  a measurable  period. 
It  does  not  at  once  attain  its  full  strengtli,  nor  does  it  disappear 
immediately.  Experiment  ratber  sbows  tbat  negativity  lises  (at 
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tlie  longitudinal  lead-olf)  after  a single  stimulus,  witliin  a certain 
liinited  period,  to  its  maximum,  and  slowly  disappears  again. 

According  to  Bernstein’s  metliod  (in  which  tliat  arrangement 
of  the  slider  is  determined  on  the  rheotorne,  which  gives  the 
l)eginning  and  ending  of  the  variation,  the  time  occupied  by  the 
galvanonieter  closure  being  then  subtracted  froni  the  total  period 
of  différence  between  these  two  positions)  the  duration  of  the 
négative  variation  does  not  exceed  0'0007  sec.  in  medul- 

lated  frog  nerve.  Tins  very  low,  and  theoretically  improbable, 
figure  is  as  a matter  of  fact  incorrect.  Hermann  (27)  claimed  a 
much  longer  period  for  the  négative  variation  ( = 0'0056  sec.), 
while  Head  (10),  by  means  of  Hering’s  specially-constructed 
rheotorne,  estimated  it  at  0’024  sec. — i.e.  a value  more  than 
thirty  times  as  great  as  that  of  Bernstein. 

The  duration  of  the  négative  phase  varies  with  the  state  of 
the  frog  from  0'0079  to  0’0239  sec.  Hermann  at  first  refei;i’ed 
this  extension  to  his  System  of  cooling  the  nerve,  as  retarding  the 
transmitted  excitation,  and  corresponding  negativity,  of  each 
élément  of  the  nerve.  Further  experiments,  however,  showed 
tliat  even  at  normal  température  the  variation  takes  longer  than 
was  stated  by  Bernstein.  Hermann  then  concluded  that  his  use 
of  a highly-sensitive  galvanonieter,  and  packet  of  six  nerves,  were 
responsible  for  the  more  complété  expression  of  the  last  part  of 
the  declining  variation.  The  far  larger  figure  given  by  Head 
implies  that  his  rheotorne  followed  the  descending  portion  of  the 
curve  in  each  single  négative  phase,  beyond  that  employée!  by 
Bernstein  : the  longer  closure  of  the  galvanometer  circuit  magni- 
fies the  effect  of  the  variational,  or  action,  current  iipon  the 
magnets,  and  multiplies  it  much  more  with  increased  stimulation- 
frequencies  than  was  possible  to  Bernstein  and  Hermann  (Fuchs,  4). 

Head’s  experiments  show  that  the  magnitude  of  the  négative 
variation  is  chiefly  conditioned  by  the  magnitude  of  the  nerve 
current.  On  the  other  hand,  it  is  to  a remarkable  degree 
independent  of  fatigue  in  the  nerve  (according  to  Fuchs,  there 
is  some  relation  between  the  two  in  non-medullated  nerve),  in 
which  respect  it  behaves  quite  differently  from  the  positive  after- 
variation.  Lastly,  the  duration  of  the  single  négative  phase  is 
shown  to  be  affected  in  a marked  degree  by  the  condition  of  the 
frog.  In  winter  frogs  there  is  a comparatively  prolonged  single 
négative  phase,  although  the  total  négative  variation  is,  relatively 
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speaking,  sinall  ; in  spriug  frogs  the  single  variations  are  short, 
with  coniparatively  large  total  et'fects. 

In  the  non-inednllated  nerves  of  Cephalopoda,  Fuchs  {Le.) 
estimâtes  the  average  duration  of  the  négative  variation  with 
stronger  stimuli  at  0'0113  sec.,  with  weaker  excitations  at  0‘0082 
sec.,  i.e.  a value  intennediate  to  those  given  by  Bernstein  and 
Head.  AVith  a niethod  corresponding  to  that  of  Hering  and 
Head,  the  duration  of  the  négative  variation  wonld  no  douht 
be  found  even  greater  than  Head’s  estiinate  of  it  in  frog  nerves. 

Fuchs  further  investigated  the  significance  of  the  retarded 
variation  of  non-medullated  nerve,  and  indicated  a possible 
relation  with  the  slow  rate  at  which  the  excitatory  process  is 
transmitted.  If  (as  cannot  he  donbted)  the  transmission  of 
excitation  does  really  dépend  upon  some  sort  of  propagation  from 
section  to  section,  the  prolonged  duration  of  the  process  must  be 
advantageous,  and  we  know  experimentally  that  non-medullated 
is  far  less  sensitive  to  very  brief  stimuli  than  medullated 
nerve. 

These  facts  show  that  the  tétanie  négative  variation  is 
rhythmically  discontinuons,  and  (notwithstandiug  its  apparent 
steadiness)  of  an  oscillatory  character  in  nerve  as  in  muscle, 
AVe  hâve  next  to  ask  what  magnitude  can  be  reached  by  the 
single  négative  swing  on  strengthening  the  stimulus  ? AAhll  the 
démarcation  current  corresponding  with  the  maximum  of  the 
variation  fall  each  time  to  zéro,  or  even  reverse  itself  (as 
Bernstein  found  in  medullated  frog’s  nerve)  ; or  will  there  merely 
be  (as  in  muscle)  greater  or  less  diminution  of  the  existing  P.D., 
in  the  rhythm  of  the  stimulation  ? The  question  in  both  cases 
can  be  decided  by  the  rheotome  method,  on  making  the  galvano- 
meter  closure  as  short  as  possible,  and  then  finding  that  position 
of  the  slider  which  corresponds  with  the  maximum  of  the  varia- 
tion. If  compensation  is  then  eut  out,  and  that  fraction  of 
current  measured  which  is  sent  by  the  rotating  rheotome  into  the 
galvanometer  circuit,  and  the  tetanising  key  opened,  it  can  be 
seen  at  once  whether  the  variation  is  less  than,  equal  to,  or 
greater  than  the  current  of  rest.  By  such  experinients  Bernstein 
determined  the  négative  variation  with  an  augmented  stimulus  to 
be  much  in  excess  of  the  current  of  rest,  in  frog’s  nerve.  On 
repeating  the  experiment  Hermann  (27,  p.  38.5)  at  first  found 
the  variation  to  be  much  less  than  the  current  of  rest,  and 
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]>enisteiii  (28)  liiniself  doubted  the  accuracy  of  bis  observations, 
lu  the  end,  however,  Hermann  confirmed  Bernstein’s  original  state- 
nient,  on  leading  ofï'  from  a mcchanical  cross-section  (inade  by 
crusbing),  and  not  from  a thermal  section,  in  which  the  fine  nerves 
may  be  injured  by  the  steam  from  the  hot  water.  He  then 
repeatedly  observed  cases  in  which  the  négative  variation  was 
nearly  double  the  current  of  rest.  But,  as  Head  {Le.  p.  241  f) 
sliowed  in  theory,  if  we  start  from  the  low  value  quoted  by 
Bernstein  for  the  duration  of  the  single  négative  phase  (0’0007 
sec.),  the  variational  current  {i.e.  current  through  the  galvanometer 
in  conséquence  of  négative  variation)  must  at  the  moment  of 
maximal  intensity  be  4^—9  times  as  strong  as  the  nerve 
current  : which  is  highly  improbable,  “ so  long  as  the  intensity  of 
the  exciting  induction  currents  is  kept  within  the  (narrow)  range 
in  which  direct  excitation  of  the  nerve  by  unipolar  action  in  the 
part  led  off  (galvanometer  tract)  is  absolutely  excluded.”  His 
own  experiments  (which,  owing  to  the  method  employed,  failed 
to  déterminé  the  intensity  of  the  variational  current  directly, 
and  only  gave  the  minimal  indispensable  height  of  the  négative 
variation,  not — as  in  Bernstein’s  experiment — its  actual  height) 
afforded  no  indication  of  variational  currents  of  such  magnitude 
as  was  assumed  by  Bernstein  and  Hermann. 

In  the  non-medullated  nerves  of  Cephalopoda,  Fuchs  invari- 
ably  found  that,  “ at  that  position  of  the  rheotome  slider  which 
corresponds  with  the  maximum  of  the  négative  variation,  the 
latter  only  induced  a moi'e  or  less  considérable  diminution  of  the 
current  of  rest — never  its  abolition,  or  even  reversai.” 

It  is  far  barder  to  denionstrate  a phasic  action  current 
between  two  longitudinal  points  of  the  uninjured  nerve,  than 
on  leading  off  from  long  and  (artificial)  transverse  sections.  As 
we  hâve  stated,  Bernstein  was  the  first  to  show  on  striated 
muscle  that  during  the  passage  of  a directly-stimulated  wave  of 
excitation  the  points  over  which  the  wave  was  passing  were 
invariably  négative  to  ail  other  (unexcited)  points.  Hermann 
extended  tins  law  to  the  natural  ends  of  the  uninjured  muscle, 
as  well  as  to  the  case  of  indirect  excitation,  and  proved  the 
uvivcrml  presence  of  a diphasic  action  current  in  ail  iininjured 
muscles,  those  of  man  included.  It  is  plain  that  a similar 
reaction  miglit  be  anticipated  for  nerve  : tbe  difficulties  of 
experiment  are  equally  apparent.  Owing  to  the  extreme  rapidity 
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of  couductioii  iii  nerve,  the  interval  fit  whicli  tlic  wave  passes 
tlie  two  leadiiig-off  contacts  is  too  sniall  to  be  aualysed  by  the 
rheotome,  eveii  when  the  électrodes  are  far  apart  ; while  ou 
exteiiding  the  tract  led  ofif,  the  résistance,  whicli  is  already  con- 
sidérable, increases  so  much  that  the  effect  becoines  imperceptible. 

Hermann,  however,  overcame  these  obstacles  ; lie  depressed 
the  rate  of  conductivity  by  cold,  and  employed  bundles  of  4—6 
sciatics.  He  was  then  able  to  obtain  a distinct  séparation  of  the 
two  opposite  cnrrents  with  the  rheotome,  and  thns  established 
the  undulatory  character  of  that  alteration  in  the  nervous  sub- 
stance, which  in  the  galvanic  expression  of  excitation  is  charac- 
terised  by  negativity. 


Fia.  202. 


If  one  lead-off  is  at  the  artificial  transverse  section,  the  corre- 
sponding  phase  fails,  as  in  muscle,  or  is  at  any  rate  “rendered  uncer- 
tain.”  Hermann  found,  without  exception,  that  the  second  phase 
was  less  conspicuous  and  more  prolonged  than  the  first  ; this  is  not, 
however,  due,  as  in  muscle,  to  décrément  of  excitation,  but 
refers  strictly  to  the  fact  that  the  first  phase  lias  not  nearly 
expired  when  the  second  is  at  its  maximum.  This  is  clear  from  the 
accompanying  diagram  (Fig.  202,  from  tlermann).  “The  abscissa 
ot  represents  the  times,  positive  ordinates  the  homodromous, 
négative  ordinates  the  heterodronious  direction  of  current.  The 

O 

curve  Aaa  gives  the  temporal  relations  of  the  action  current  from 
the  first  lead-off,  Bhh  tliat  of  the  action  current  from  the  second. 
AB  is  the  time  required  for  transmitting  the  excitation  between 
the  two  leading-off  contacts.  Accc  is  therefore  the  curve  of  tlie 
resulting  diphasic  current  of  action,  the  second  phase  (2)  of 
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whicli  is  lower  and  more  extended  thaii  tlie  first  phase  (1),  and, 
moreover,  reaches  its  maximum  at  a different  point  from  tlie 
maximum  of  excitation  at  the  second  lead-off'.  The  superficies  of 
the  parts  of  the  curve  corresponding  with  the  two  phases  must 
he  equal  ; hence  tlieir  action  npon  the  galvanometer  ceases 
simultaneously  in  tetanus.” 

In  muscle,  we  hâve  in  the  physiological  rheoscope  and  its 
secondary  excitation  an  exceedingly  convenient  indicator  of  the 
discontinuons  nature  of  the  négative  variation  of  the  démarcation 
current,  as  well  as  of  the  action  current  in  the  uninjured  and 
intrinsically  isoelectric  muscle.  Du  Bois-Eeymond  tried  in  vain 
to  obtain  secondary  excitation  from  one  nerve  to  auother,  and 
later  experimenters  were  no  more  fortunate,  so  that  it  seemed 
impossible  to  décidé  from  one  excitable  nerve  whether  another 
was  or  was  not  excited.  This  is  contrary  to  what  we  should 
hâve  expected  a i^riori  ; for  the  electrical  variation  in  nerve  is, 
absolutely  and  relatively,  a more  vigorous  process  than  that  in 
the  muscle,  and  there  is  no  suffi cient  reason  why  (to  ail  appear- 
ance)  no  nerve  has  an  excitatory  action  upon  another  superposed 
upon  it.  Hering  (11)  has  now,  indeed,  established  the  possibility 
of  true  secondary  excitation  from  nerve  to  nerve,  by  availing 
himself  of  every  advautage,  the  increased  excitability  in  the 
vicinity  of  an  artifîcial  transverse  section  included.  If  the 
peripheral  end  of  an  excitable  sciatic  (exposed  from  vertébral 
colunm  to  knee,  and  eut  at  both  ends)  of  a cooled  frog  is  applied 
to  the  central  end  of  a second  nerve  still  connected  with  the  leg, 
so  that  the  two  nerves  lie  together  for  5— G mm.,  and  their 
cross -sections  are  in  the  saine  place,  then  the  démarcation 
current  of  the  one  nerve  will,  as  it  were,  compensate  that  of 
the  second.  “ Supposing  the  longitudinal  - transverse  current 
suddenly  to  disappear  from  the  peripheral  end  of  the  primary 
nerve  (through  négative  variation  to  zéro)  in  conséquence  of  an 
instantaneous  excitation,  the  compensation  of  current  in  the 
second  nerve  will  be  abruptly  abolished.  The  end  of  the 
primary  nerve  that  in  conséquence  becomes  isoelectric,  now 
functions  solely  as  a shunt  to  the  current  of  the  secondary  nerve, 
and  the  latter  will  lie  weakly  excited  by  the  sudden  short- 
circuiting  of  its  own  current.  But  if  the  direction  of  current  in 
the  exciting  nerve  is  reversed,  it  will  after  reversai  act  upon  the 
second  nerve  like  a weak  descending  current,  and  summates  with 
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tlie  iiitrinsic  and  suddenly  short-circuited  cnrrent  ot  tins  nerve  ” 
(Heniig). 

If  uiider  these  conditions  excitability  is  heiglitened  as  mucli 
as  possible  by  making  a new  transverse  section  simultaneously 
at  tbe  peripheral  end  of  tlie  priniary  and  central  end  of  tbe 
juxtaposed  secondary  nerve  with  a scissors-cut,  and  tben  weakly 
tetanising  tbe  central  end  of  tbe  priniary  nerve,  Hering  invariably 
noted  a weak  tétanie  disturbance  of  tlie  secondary  préparation. 
Cnrrent  escape  and  unipolar  stimulation  were  excluded,  since  tbe 
weak  exciting  ciirrents  oiily  took  effect  wlien  tlie  électrodes  were 
placed  near  tlie  transverse  section,  ail  secondary  action  failing 
wlien  tliey  were  applied  to  otlier  points  of  the  priniary  nerve 
nearer  the  second  préparation.  Electrotonic  action  is  excluded 
by  the  great  distance  between  the  point  of  stimnlation  and  the 
position  of  the  secondary  nerve,  so  that  the  possibility  of  true 
secondary  excitation  froni  nerve  to  nerve  was  no  longer  doiibtful. 
Obviously,  the  resuit  woiild  be  even  less  ambiguous  if  the  tedious 
process  of  applying  the  two  nerves  together  coiild  be  replaced  by 
a préparation  in  which  the  bundles  of  nerve-fîbres  serving  as 
priniary  and  secondary  nerves  shoiild  lie  naturally  in  a conimon 
sheath.  Hering  accordingly,  iii  a cooled  frog,  exposed  the  sciatic 
nerve  above  the  knee,  ligatured  its  two  branches  together,  divided 
theiii  below  tbe  ligature,  dissected  ont  the  nerve  to  the  place 
wbere  the  brandi  is  given  off  to  the  thigh,  and  then  divided  the 
sciatic  plexus,  and  (wlien  the  muscles  were  cpdet  again)  stiniulated 
the  knee-end  of  the  nerve  with  weak  currents.  The  muscles — of 
wliicli  the  nerves  were  still  in  connection  with  the  plexus — fell  at 
once  iiito  strong  secondary  tetanus.  The  experiment  never  fails, 
provided  the  préparation  be  so  excitable  that  the  division  of  the 
sciatic  plexus  produces  a slight  muscular  disturbance  in  the  leg, 
in  addition  to  the  twitch,  and  that  there  is  a fresh  transverse 
section.  The  proof  that  this  is  not  due  to  current-escape, 
electrotonus,  or  unipolar  excitation,  again  lies  in  the  fact  that  there 
is  regularly  no  effect  so  soon  as  the  électrodes  are  nioved  slightly 
away  froni  the  cross-section,  and  approxiniated  to  the  muscle. 
In  three  préparations,  moreover  (and  in  two  cases,  twice  or  three 
tinies  consecutively),  a weak  partial  twitch  of  one  of  the  muscles 
of  the  thigh  was  observed  by  Hering  on  crushing  the  priniary 
nerve.  This,  together  with  the  inévitable  failure  of  other  kinds 
of  stimiili,  is  hardly  surprising,  in  view  of  the  difhculties  {supra) 
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of  eliciting  any  considérable  négative  variation  of  the  nerve 
current  by  other  than  electrical  stimulation.  V.  Uexküll  (29) 
bas  recently  obtained  positive  results  from  bis  mecbanical  tetano- 
motor,  and  bas,  moreover,  proved  tbe  justice  of  Hering’s  pre- 
suniption,  tbat  tbe  wbole  effect  will  fail,  or  die  out,  even  under 
electrical  stimulation,  if  tbe  long  and  transverse  sections  of  tbe 
plexus  are  brougbt  into  circuit  by  dipping  tbem  into  pbysiological 
saline  before,  or  during,  tbe  appearance  of  tbe  current  of  action. 


V.  Electromotive  Changes  (Electeotonus) 

1.  In  Medullated  Nerve 

It  bas  already  been  stated  tbat  polar  alterations  of  excita- 
bility  appear  under  tbe  action  of  a battery  current,  flowing 


+ 


steadily  at  uniform  density  tbrougb  any  portion  of  a medullated 
nerve.  Tbese  changes  are  not  (as  in  muscle)  confined  to  tbe 
points  of  contact  witb  tbe  électrodes,  i.e.  tbe  visible  entrance  and 
exit  of  tbe  current,  but  extend  beyond  tbem,  not  merely  into  tbe 
intrapolar  tract,  but  to  a greater  or  less  extent  over  tbe  extra- 
polar région  also.  As  early  as  1843  du  Bois-Eeymond  sbowed 
tbat  tbere  were  corresponding  changes  of  galvanic  reaction  wbicb, 
like  tbose  of  excitability,  must  be  diagnosed  as  one  of  tbe  manifesta- 
tions of  electrotonus,  representing  in  some  degree  two  ditterent 
sides  of  one  process.  Let  nn'  (Eig.  203)  be  a nerve,  A and  K 
tbe  two  électrodes  tbrougb  wbicb  a battery  current  is  led  in  tbe 
direction  A—K;  A is  tbercfore  tbe  anode,  K tbe  katbode,  of  tbe 
current  tbat  produces  electrotonus.  On  making  tbis  current,  ail 
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points  of  the  iierve  lying  on  the  katliodic  side  {k-e)  beconie  more 
négative,  ail  points  on  the  anodic  side  {jL—e)  more  positive  tlian 
betbre.  ïhese  alterations  are,  liowever,  unecpral  in  degree  at  difîerent 
points,  being  gi'eater  in  the  vicinity  of  the  électrodes,  and  less  at 
a distance  from  them.  If  the  positive  incrément  from  A-e  is 
represented  by  lines,  the  height  of  which  expresses  the  increase, 
and  if  the  heads  of  these  lines  are  joined  together,  the  resulting 
curve  represents  the  alterations  of  potential  occurring  at  the 
respective  points.  The  alterations  on  the  kathodic  side  may  be 
similaiTy  expressed,  only  here  the  ordinates  must  be  drawn  down- 
wards  from  the  nerve  as  abscissa,  to  show  that  the  potential  on 
this  side  is  négative.  The  two  parts  ol  the  curve  represent  the 
State  of  the  extrapolar  régions.  As  a matter  of  fact  we  do  not 
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know  the  reaction  of  the  intrapolar  tract,  because  it  is  impossible 
(on  technical  grounds)  to  investigate  this  area.  We  can  only 
présumé  that  the  alterations  of  potential  there  are  such  as  are 
expressed  by  the  connecting  line  i.  These  curves  do  not  of 
course  represent  actual  magnitudes  of  potential  at  given  extra- 
polar points,  they  merely  express  the  general  fact  that  there  is  a 
diminution  from  the  pôles  outwards. 

Since  the  nerve  to  be  examined  is  usually  bounded  by  two 
cross-sections,  and  is  thus  ab  initia  electromotive,  there  must, 
with  a suitable  lead-off,  be  interférence  between  the  démarca- 
tion current  and  the  electrotonic  incrément,  which  is  of  course 
always  iri  the  saine  direction  as  the  polarising  current.  This  pro- 
duces at  one  end  of  the  nerve  a négative,  at  the  other  a positive 
variation  of  the  longitudinal-transverse  current.  Listing  as  long  as 
the  closure  of  the  polarising  battery  current  (Fig.  204).  If 
the  électrodes  are  shifted  from  the  eut  end  towards  the  centre, 
there  will  obviously  be  deflections  in  the  galvanometer,  on  either 
side  of  the  tract  traversée!  by  the  current,  in  the  direction  of  the 
polarising  current.  And  this  will  equally  be  the  case  when  the 
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nerve,  with  both  ends  eut,  is  isoelectrically  disposed,  i.e.  is  in  contact 
witli  the  galvanonieter  électrodes  at  points  syinmetrical  with  the 
equator,  laterally  to  which  it  is  traversed  by  tlie  polarising  cnr- 
rent.  The  situation  inay  then  be  expressed  as  follows  : — If  a con- 
stant electrical  current  is  lcd  througli  ci  portion  of  et  merhdlcdcd  nerve, 
the  entire  nerve  {while  preserving  its  original  electromotive  activity) 
hccomes  elcctrically  active  in  the  direction  of  the  polarising  current 
at  ail  points,  eacJi  point  of  the  nerve  loeing  négative  to  every  other 
that  is  anterior  to  it  in  the  direction  of  the  current. 

The  magnitude  of  the  electrotonic  deflections  diminishes  (as 
is  prima  fade  obvions  froni  the  distribution  of  potential)  with  the 
distance  of  the  leading-off  tract  froni  the  pôles,  as  appears  plainly 
in  the  vicinity  of  the  latter  ; it  is  further  in  ratio  with  the 
strength  of  the  polarising  current.  Moreover,  the  electrotonic 
effect  increases  constantly  with  increased  intensity  of  current, 
and  never  seenis  to  find  a limit.  Certain  experiments  of  du 
Bois-Eeyinond  (23),  which  were  intended  to  détermine  the 
eventual  maximal  value  of  electrotonus,  were  unsuccessful,  although 
they  showed  that  the  E.M.F.  of  the  incrémental  current  on  the 
side  of  the  anode  and  kathode  (Grünhagen’s  anodic  and  kathodic 
current)  may  exceed  that  of  the  normal  longitudinal-transverse 
current  by  more  tban  twenty-two  times,  without  finding  a limit. 
As  expressed  in  units  of  a Dauiell,  the  E.M.F.  of  the  anodic 
current  = O’o  Dan.,  that  of  the  kathodic  current  0'05  Dan.  This 
différence  of  E.M.F.  in  the  an-  and  katelectrotonic  incrémental 
currents,  which  finds  similar  expression  in  regard  to  intensity,  is 
distinct  in  every  case,  and  is  the  reason  that  in  a graphie  représent- 
ation the  curves  of  potential  are  shorter  upon  the  side  of  the 
kathode,  and  the  corresponding  ordinates  lower,  than  on  the 
anodic  side  (Fig.  203).  Under  ail  conditions  the  maximum  of 
anclcctrotomis  exceeds  that  of  kcttelectrotonus. 

A further  factor  in  the  magnitude  of  electrotonus  is  the 
length  of  tract  traversed  hy  the  polarising  current.  If  the 

électrodes  are  gradually  sliifted  so  as  to  lengthen  the  tract  of 
nerve  excited,  the  incrémental  currents  diminish  })ari  passa  with 
the  extension  of  the  tract  through  which  current  is  passing  ; 
this  diminution  is,  however,  obviously  due  to  the  weakening  of 
the  polarising  current,  froni  the  increased  résistance  of  the 
conductor.  If  (as  was  first  effected  by  du  Bois-Eeymond)  the 
intensity  of  the  polarising  current  is  kept  constant  by  introducing 
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a high  résistance  (tube  ot  alcohol)  into  tlie  polarisiiig  circuit, 
or  ligaturiiig  tlie  intrapolar  tract  witli  a luoist  thrcad,  tlie 
mao’iiitude  of  electrotouic  iucreiiieut  iucreases  witli  tlie  extension 

O 

of  the  electroniotive  tract  traversed  by  tbe  cnrrent,  or  vice  verm 
diniinisbes  witli  its  restriction.  The  direction  of  the  loolarising 
enn-ent  in  relation  to  the  long  axis  of  the  nervc  bas,  inoreover,  a 
great  ebect  upon  the  intensity  of  electrotouic  action,  and  the 
incrément,  like  tbe  excitation,  is  fonnd  to  be  greatest  wben  the 
polarising  cnrrent  Üows  longitndinally  througli  tbe  nerve — nil 
witli  transverse  passage  of  cnrrent. 

As  regards  the  theory  of  electrotouic  action,  its  dependence 
upon  the  constitution  and  state  of  tbe  nerve  is  of  the  first  im- 
portance. The  conjecture  that  it  is  due  to  ordinary  current- 
escape  in  the  galvanometer  cii’cuit  is  at  first  sight  plausible,  in 
view  of  the  entire  reaction,  but  is  at  once  refuted  by  the  fact 
that  dividing,  or  crushing  of  the  nerve,  between  the  polarised 
and  leading-ofî  tracts,  abolishes  ail  sign  of  excitation.  This  proves 
that  the  diffusion  of  electrotonus,  as  of  excitation,  is  correlated 
with  uninterrupted  continuity  in  medullated  nerve.  And  it  is 
not  merely  the  complété  interruption  of  conductivity,  but  every 
modification  of  it,  or  of  excitability  {Leistangsfàhigheit)  in  the 
nerve,  that  affects  the  magnitude  of  electrotonus  in  a greater 
or  less  degree.  Xo  electrotonic  action,  or  at  niost  only  a trace 
of  the  ordinary  effects,  can  be  detected  on  dead  nerve,  or  nerve 
that  is  fundamentally  altex’ed  in  its  physical  and  Chemical 
properties.  The  entire  manifestation  is  indisimtablg  hound  tip 
with  certain  structural  pcculiarities  that  are  présent  only  in  living, 
uninjured  mcdidlated  nerve.  The  utmost  importance  attaches  to 
the  fact  (to  be  discussed  below)  that — under  uniform  conditions 
— the  electrotonic  incrémental  current,  in  the  above  sense,  does 
not  appear  either  in  non -medullated  nerve,  or  in  muscle,  or 
otber  moist  conductors  (wet  threads),  so  that  the  présence  of  a 
medullated  sheatJi  seems  to  ranlc  first  among  the  necessary  structured 
rcquirements. 

The  fact  that  division  of  the  nerve  hetween  polarised  and 
led-off  tracts  pre vents  the  development  of  electrotonus,  even 
when  the  eut  surfaces  are  replaced  as  carefully  as  possible,  leads 
on  to  the  question  whether  the  underlying  alterations  are, 
like  excitation,  transmitted  at  measurable  velocity  in  the  neri'e. 
After  du  Bois-lîeymond  had  shown  that  the  development  of 
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electi’otüiius  takes  no  appréciable  tiiiie,  silice  it  appears  at  l’ull 
strength  immediately  after  closing  tlie  polarising  current,  and  can 
be  deiiioustrated  with  even  the  most  fugitive  induction  curreiits, 
Helinholtz  was  the  first  to  prove  the  saine  fact  by  nieaiis  of  the 
physiological  rheoscope  (31). 

In  view  of  the  known  sensibility  of  the  latter  to  iiiiich  weaker 
ciirrents  than  are  here  under  considération,  it  is  quite  intelligible 
that  the  electrotonic  increniental  current  should  be  adéquate  to 
excite  the  nerves  of  a rheoscopic  frog’s  leg,  if  properly  led  through 
it.  It  is  even  possible  (as  du  Bois-Pteymond  showed)  to  throw  a 
superposed  nerve  into  secondary  electrotonus,  by  the  electrotonic 
increniental  current  of  the  first  nerve.  If  one  end  B (Fig.  205) 


into  a State  of  electrotonus  ; the  end  D is,  however,  at  the 
opposite  phase  to  B,  since  the  incrémental  current  at  B flows 
through  the  end  C of  the  applied  nerve,  which  forms  a shunt 
circuit  in  the  opposite  direction.  If  this  nerve  is  still  connected 
with  its  muscles,  then  both  at  make  and,  under  favourable  cir- 
cumstances,  at  break  of  the  polarising  current  there  will  be  a 
secondary  contraction,  which  is  not  to  be  confused  with  the  true 
secondary  twitch  from  nerve  to  nerve  caused  by  the  current  of 
action,  as  first  demonstrated  by  Hering.  Du  Bois-Eeymond’s 
“ paradoxical  twitch  ” is  a very  interesting  form  of  this  secondary 
contraction  depending  on  electrotonus.  The  conditions  for  the 
discharge  of  this  secondary  twitch  by  the  electrotonic  iucremeutal 
current  are  especially  favourable  when  the  fibres  of  the  two 
nerves,  in  so  far  as  they  are  in  juxtaposition,  are  as  it  wcre 
cohérent,  i.c.  fused  into  a single  stem.  This  is  the  case  in  the 
frog’s  sciatic  with  the  two  branches  into  which  it  divides  at  tlie 
knee  {'peronœus  and  tihicdis,  Fig.  206).  If  one  or  the  other 
is  non-electrically  excited,  the  muscles  innervated  from  that 
brandi  alone  become  active,  never  those  from  the  other.  If, 
however,  an  electrical  current  is  passed  through  the  tibial  brandi 
at  a point  not  too  reniote  from  the  bifurcation,  contraction  occurs 
at  make  and  break  not  nierely  in  the  muscle  A but  also  in  B, 
whidi  is  siipplied  by  the  peronæal  brandi,  becaiise  the  primary 
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Fig.  -205. 


of  a medullated  nerve  pol- 
arised  at  A is  applied  to 
a second  nerve  CD  liy 
part  of  its  length,  the 
second  nerve  at  once  falls 
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Fig.  20ii. 


electrotonic  nerve  throw.s  the  other  nerve  foriniiig  witli  it  a com- 
mon  trunk  iuto  secondaiy  electrotonus.  Since  eveii  l)rief  impacts 
of  current,  or  induction  shocks,  ha\e  an  electrotonic 
ettect,  it  is  clear  tliat  secondary  tetanns  may  l'eadily  be 
induced  by  tetanisiiig  the  primary  nerve.  The  excita- 
tory  action  of  both  primary  and  secondary  electrotonus 
increases  rapidly  with  approximation  of  polarised  to 
led-off  tract  (as  might  be  anticipated  from  the  marked 
rise  in  potentiel  near  the  polarised  tract).  In  this  we 
hâve  apparently  (supra)  a means  of  distinguisliing 
between  the  true  secondary  excitation  from  nerve  to 
nerve,  and  the  paradoxical  contraction  (Hering,  11). 

Helmholtz  made  use  of  the  latter  as  follows,  in  order 
to  détermine  the  time  occupied  in  establishing  the  gal- 
vanic  changes  in  electrotonus.  A second,  isolated  nerve  was  applied 
to  a sciatic  still  in  connection  with  the  gastrocnemius,  in  such  a way 
that  the  half  of  the  nerve  proximal  to  the  recording  muscle  was 
brought  into  contact  with  the  corresponding  half  the  other 
nerve  (Fig.  207).  Electrotonic  stimulation  of  corresponding 
points  at  the  central  end  of  the  two  nerves  yielded  two  twitches 
in  succession,  one  produced  by  direct  excitation  of  the  nerve  to 
the  muscle,  the  other  by  secondary  electrotonus.  The  secondary 
contraction  from  the  nerve  was  not  fourni  to  enter  perceptibly 
later  than  the  primary  twitch,  whence  Helmholtz  concludes  that 
“ the  electrotonic  State  does  not  make  its  appearance  denionstrably 
later  than  the  electrotonic  current  which  excites  it,”  and  does 
not  therefore,  like  excitation,  require  a measurable  period  in 
which  to  diffuse  over  the  extrapolar  région.  Du  Bois-Eeymond 
(6,  p.  258)  had  already  pointed  out  that  Helmholtz’s  experiment, 
strictly  speaking,  can  only  mean  that  the  changes  fundamental  to 
electrotonus,  and  the  process  of  excitation,  are  transmitted  at 
cqual  rapidity  in  the  nerve.  This  follows  directly  frojn  Hermann’s 
words  (19,  p.  102).  “If  the  interval  between  excitation  and 
contraction  of  the  muscle  [if,  Fig.  207]  is  the  saine,  whether  a 
or  h be  excited,  this  proves  that  the  electrotonus,  in  order  to 
spread  in  the  first  nerve  from  a to  c,  requires  as  much  time  as  is 
taken  by  the  excitation  to  spread  in  the  second  nerve  fi’oin  h to 
c'.  But  if  the  electrotonus  at  c is  strong  enough  to  excite  the 
second  nerve,  it  will  certainly  produce  direct  excitation  at  c',  at 
least  as  strongly,  when  it  is  directly  produced  by  excitation  of  h 


272 


ELECTRO-PHVSIOLOGV 


CHA1\ 


in  tlie  second  nerve  ; in  other  words,  at  the  strength  of  ciirrent 
employed,  the  second  nerve  is  directly  excited  as  far  as  o' , as  soon 
as  the  current  is  applied  at  l>  : thus  the  experiinent  only  shows 
tliat  the  electrotonns  spreads  in  Ijoth  nerves  with  ecpial  rapidity, 
and  gives  no  conclusions  as  to  the  rate  of  tins  transmission. 

Another  sériés  of  experiments  refers  to  the  time-development 
of  the  electrotonic  changes  of  excitahility,  which — as  was  pointed 
ont  hy  Milger — are  in  close  relation  with  the  galvanic  elfects, 
and,  as  it  were,  merely  represent  another  symptom,  or  another  side 
of  the  saine  underlying  process  in  the  nerve.  It  is  tlierefore 
legitimate  to  draw  conclusions  from  the  temporal  distrihutions  of 
the  one  alteration  to  that  of  the  other.  Pdüger  (32)  lias,  more- 
over,  demonstrated  by  direct  experiinent,  at  least  for  anelectrotonus, 


that  the  alterations  of  excitahility  appear  simultaneously  with 
the  galvanic  alterations. 

If  (Fig.  208)  a strong  ascending  current  («&)  is  passed  steadily 
through  the  central  end  of  the  nerve  of  an  ordinary  nerve-muscle 
préparation,  the  myopolar  portion  of  the  nerve  falls  into  anelectro- 
tonus ; the  corresponding  incrémental  current  can  be  led  off  by 
a second  pair  of  électrodes  {ccl)  situated  within  the  sanie  région, 
to  the  nerve  B of  a second  préparation,  so  that  tins  is  traversed 
at  the  saine  distance  from  the  muscle,  but  in  the  opposite,  i.e. 
(in  the  respective  position  of  both  préparations)  ascending  direc- 
tion. As  soon  as  the  primary  nerve  {cd)  becomes  electroinotive, 
under  the  presumption  of  a transmission  of  electrotonic  alteration 
at  given  rapidity  from  the  polarised  région  db,  a hranch  current 
passes  at  the  saine  moment  through  e/,  and  produces  secondary 
excitation  in  this  nerve.  From  the  fact  that  it  is  invariably  the 
muscle  (B),  and  never  that  of  the  primary  préparation  {A),  that 
twitches,  Pflüger  concludes  that  at  the  time  when  the  electro- 
tonic incrémental  current  traverses  the  tract  (cd)  of  the  lirst 
nerve  - muscle  préparation,  and  excites  the  second  muscle  to 
secondary  (paradoxical)  contraction,  the  sanie  incrémental  current 
which  excites  the  second  muscle  leaves  the  hrst  at  rest  ; i.c.  in 
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other  words,  the  alteration  of  excitability  is  présent  siimiltaueously 
witli  the  correspoiiding  galvanic  alteration. 

Snbsec[uent  experiinents  undertaken  by  different  workers  in 
the  hope  of  deciding  this  question  {i.e.  the  absolnte  time  occiipied 
by  development  of  the  electrotonic  alterations  in  the  nerve  atter 
closure  of  the  polarising  current)  hâve  not  so  far  produced  any 
congruons  resnlts.  According  to  AVundt  (33),  who  nndertook  a 
comprehensive  inqniry  into  the  time-distribution  of  the  electrotonic 
alterations  of  excitability  in  the  frog’s  nerve-muscle  préparation, 
these  changes  are  not  developed  simultaneously  vrith  the  closure 
of  the  polarising  current  at  ail  points  of  the  nerve,  but  spread 
from  the  pôles  with  coniparatively  low  and  easily  measurable 
rapidity  from  section  to  section  by  an  undulatory  process  analogous 
with  that  of  excitation.  In  this  sense  Wundt  speaks  of  an 
“ anodic  wave  of  inhibition  ” {i.e.  an  altered  State  of  the  nerve-sub- 
stance,  characterised  by  diminished  capacity  for  response),  trans- 
mitted  from  the  anode  at  a rate  that  varies  with  the  strength  of 
the  polarising  current  from  80  to  1700  mm.  per  sec.;  and  a 
kathodic  wave  of  excitation  {i.e.  katelectrotonic  rise  of  excitability), 
of  which  the  rate  of  transmission  appears  to  correspond  with  that 
of  active  excitation.  In  regard  to  method,  it  is  sufficient  to  state 
that  it  consisted  essentially  in  exciting  different  points  of  the 
myopolar  part  of  the  nerve,  at  different  periods  after  the  closure 
of  au  ascending,  or  descending,  polarising  constant  current,  with 
single  induction  shocks,  and  then  recording  the  discharged  con- 
traction graphically.  The  différences  which  then  appear  in  regard 
to  time-distribiition,  the  magnitude  (height),  and  duration  of 
twitches,  before  and  after  closure  of  the  polarising  current,  forin 
the  basis  of  conclusions  as  to  the  state  of  excitability  at  any  point 
of  the  nerve  at  a given  moment.  Wundt’s  observations,  into  which 
we  cannot  here  enter  in  detail,  seem  to  hâve  been  little  regarded  ; 
they  are  in  direct  contradiction  with  Pflüger’s  experiment,as  described 
above,  and  also  with  certain  experimental  results  of  Grünhagen 
(34),  in  which  the  commencement  of  the  electrotonic  alteration  of 
excitaljüity  coincides,  at  ail  points  of  the  nerve,  with  the  moment 
of  closing  the  polarising  current.  If  (Fig.  209)  a rheochord  {rr^) 
and  the  primary  coil  of  an  induction  apparatus  are  included  in  the 
polarising  circuit  (K),  a brandi  of  the  primary  current  may  be 
led  into  the  nerve  of  a nerve-muscle  préparation  {cd)  in  an 
ascending  direction.  Although  in  itself  inadéquate  to  excite 
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the  muscle,  it  is  sutlicient  to  cause  a demoiistrable  anelectrotonic 
dépréssion  of  excitability  within  the  myopolar  part  of  the  nerve. 
With  sensitive  préparations,  the  height  of  the  twitch  discharged  at 

ah  by  the  ascending  make  induc- 
tion shock  was  then  regularly  less 
when  the  région  cd  was  simul- 
taneously  polarised  by  a branch  of 
the  primary  current.  To  Grün- 
hagen’s  conclusion  that  the  anelee- 
trotonic  dépréssion  of  excitability  at  ah  existed  préviens 
to  the  induction  closure,  i.e.  coincided  with  the  entry  of  the 
polarising  current,  Tschirjew  (35)  objected  that  with  the 
combined  action  of  the  two  currents,  the  induced  exciting  current 
must  necessarily  be  weaker  than  in  the  other  case,  because  a part 
of  the  inducing  current  would  now  be  led  into  the  nerve  by  the 
rheochord.  But  this  objection  is,  as  Hermann  (35)  subsequently 
pointed  out,  of  no  weight  in  view  of  the  relations  of  résistance  ; 
silice  it  can  hardly  be  of  conséquence  to  the  current  in  the 
primary  coil  of  low  résistance  (1-2  Siemens’  units),  whether  a 
branch  current,  sent  into  the  nerve  with  its  40,000  to  70,000 
units,  is  made  or  broken,  as  was  also  demonstrated  experimentally 
by  Baranowsky  and  Garré  (35,  p.  449). 

Tschirjew’s  experiments  on  the  rate  of  transmission  of  galvanic 
as  well  as  excitatory  charges  in  medullated  nerve  during  electro- 
tonus  led  him  to  conclusions  fundamentally  different  froiii  those 
of  his  predecessors,  and  his  ’vdews  were  subsequently  confirmed 
by  Bernstein  in  an  investigation  which  we  hâve  not  yet  referred 
to.  He  stated  that  the  electrotonic  alterations  in  nerve  are 
transmitted  at  a rate  ai^jiroximating  to  that  of  excitation,  hut, 
generally  speaking,  someiohat  lower. 

In  order  to  détermine  the  rate  at  which  the  anelectrotonic 
decrease  of  excitability  in  the  nerve  is  transmitted,  Tschirjew 
ernployed  a method  analogous  to  that  of  Wundt. 

“ The  minimal  stimulus  which  will  discharge  a twitch  is  deter- 
mined  at  any  point  of  the  nerve  inafrog’s  gastroenemius  préparation. 
A strong  ascending  current  is  then  made  in  the  part  of  the  nerve 
proximal  to  the  central  end,  at  a certain  distance  froni  the  point 
of  excitation.  Closure  of  this  current  of  course  evokes  no  twitch 
under  these  conditions.  After  a certain  brief  period  the  excita- 
bility of  the  nerve  is  tested  again  at  the  former  point.  If  the 


X 


ELECTROMOTIVE  ACTION  IN  NERVE 


275 


earlier  iiiinimal  streiigth  of  excitation  still  produces  a perceptible 
twitch,  tlie  iiiterval  between  tbis  excitation  and  tlie  closure  of 
tbe  polarising  current  is  lengtbened,  and  the  experiinent  repeated. 
This  is  continued  until  the  minimal  excitation  remaius  witliont 
effect.”  “ The  interval  between  tbe  two  closures  gives  the  time 
occupied  by  transmission  of  the  decreased  excitability  froni 
the  intrapolar  tract  to  the  excited  point.  If  this  distance  were 
taken,  tbe  required  rate  of  transmission  could  be  deduced  from  it.” 
In  order  to  détermine  the  appearance  of  tbe  galvanic  alterations 
of  electrotonus  at  a point  of  tbe  nerve  beyond  the  polarised  part, 
two  points  symmetrical  to  the  electromotive  equator  are  in  tbe 
brst  place  uninterruptedly  led  off,  and  existing  différences  of 
potential  compensated.  Tbis  circuit,  whicb  included  a sensitive 
galvanometer,  could  be  opened  by  means  of  a spring  myograph, 
at  different  times  after  brief  closures  of  a battery  eurrent,  tbat 
traversed  the  nerve  in  an  ascending  or  descending  direction  at  a 
given  distance  from  tbe  leading-off  tract.  Tbe  interval  between 
closure  of  tbe  polarising  current  in  tbe  nerve,  and  the  opening  of 
the  galvanometer  circuit,  could  thus  be  varied  at  pleasure.  It 
is  clear  tbat  the  détermination  of  the  time  required  between  tbis 
last  and  the  elosure  the  polarising  current,  in  order  to  detect 
the  first  trace  of  electrotonic  variation  of  current  on  the  galvano- 
meter, must  also  détermine  the  time  required  by  the  latter  in 
every  case,  for  its  transmission  from  the  polarised  to  the  led- 
off  tract.  Both  sériés  of  Tschirjew’s  experiments  were  severely 
criticised  by  Hermann  (36),  who  emphasised  the  fact  (as  regards 
Tschirjew’s  galvanic  measurements)  that,  as  will  presently  be 
shown,  the  electrotonus  at  any  given  jooint  of  nerve  does  not  reach 
its  full  intensity  at  the  first  minute,  but  increases  gradiially.  “ And 
if  the  electrotonus  immediately  after  its  origin  is  weaker  by 
only  a quarter  of  its  total  amount,  the  results  of  Tschirjew 
are  quite  compatible  (as  Hermann  points  ont)  with  an  instan- 
taneous  appearance.”  The  saine  of  eourse  holds  good  of  the 
experiments  in  which  the  time  to  be  determined  is  that  which 
must  elapse  after  closure  of  the  polarising  current,  in  order  to 
produce  anelectrotonus  at  a distant  point  of  the  nerve  sufficient 
to  suppress  the  twitch  called  ont  here  by  a test  stimulus. 
“This  interval  is  not,  however,  identical  with  that  which  must 
elapse  before  the  commencement  of  anelectrotonus  at  that  point 
of  the  nerve,”  but  probably  shorter.  Consequeutly,  as  Hermann 
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pointed  ont,  the  electrotonic  alterations  (uiilike  excitation) 
diminish  rapidly  in  intensity  with  increasing  distance  from  the 
polarised  tract,  and  finally  become  imperceptible.  So  that,  when 
iinmediately  after  closure  ol“  the  polarising  current  the  electro- 
tonus  is  still  undeveloped,  the  région  in  which  it  can  be 
demonstrated  is  necessarily  even  smaller  than  that  in  which  it 
appears  definitely. 

Tschirjew  subsequently  repeated  his  experiments  with  the  saine 
resnlts,  using  the  capillary  electroineter  (which  is  peculiarly 
sensitive  to  rajpid  oscillations  of  current),  and  Bernstein’s  rheotome. 


which  of  course  are  open  to  the  same  objections.  Bearing  in 
niind  the  theory  of  this  last  ingénions  instrument,  it  is  évident 
that  it  affords  an  easy  means  of  leading  a polarising  current  at 
any  given  moment  into  the  nerve,  and  interrupting  it  again 
directly,  at  the  same  time  leading  off  the  electrotonic  currents  from 
a distant  tract  of  the  nerve  at  different  intervals  after  closure. 
Bernstein’s  own  method  of  experiment  (as  referred  to  above)  is 
explained  by  the  following  schéma  (Fig.  210).  During  the 
rotation  of  the  rheotome  the  polarising  current  is  periodically 
closed  whenever  the  contacts  dip  into  the  mercury  pools  {qq), 
the  galvanometer  circuit  as  often  as  the  contact  {i?)  dips  into 
(f^^).  The  period  of  closure  of  the  polarising  current  varies 
between  and  ^1^  sec.  ; the  direction  of  the  led-off  current 
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(which  is  closed  by  alteriiig  tlie  position  oi  tliG  slidor  ou  tlie 
rlieotonie  at  any  given  moment  between  tbe  closure  and  opening, 
or  after  the  opening  of  tbe  polarising  current)  at  most  occupies 
sec.  Under  these  circumstances  tlie  electro tonie  incré- 
mental current  does  not  make  a clean  entrance,  eitber  when  the 
galvauometer  électrodes  are  applied  to  the  nerve  under  isoelectric 
conditions,  or  on  leading  off  from  longitudinal  and  transverse 
sections;  the  contacts  always  interfère  with  either  the  phasic 
current  of  action  or  the  négative  variation.  The  diminution  of 
the  nerve  current  observed  in  the  last  case,  even  without  the 
rheotome,  on  tetanising  with  descending  currents,  must  always — 
with  adéquate  approximation  of  the  leading-off  and  exciting  tract 
— be  due  to  the  négative  variation  and  the  katelectrotonic 
incrémental  current.  The  rheotome,  as  it  were,  analyses  this  total 
effect  into  its  single  components,  and  détermines  the  time-relations 
between  the  arrivai  of  the  excitatory  wave,  and  of  the  electrotonic 
current,  in  each  single  stimulation.  If  the  latter  is  already  présent 
at  its  full  streugth  at  the  moment  of  closing  the  polarising 
current,  the  galvauometer  deflection  must  obviously  begin  from 
that  point,  and  increase  steadily  in  proportion  with  the  shifting  of 
the  rheotome  from  zéro  (i.e.  the  position  at  which  the  opening  of 
the  galvauometer  circuit  occurs  simultaneously  with  the  closure 
of  the  constant  current)  to  that  position  at  which  closure  of  the 
polarising  current  coincides  with  that  of  the  nerve  circuit.  This 
never  occurred  in  Bernstein’s  experiment  ; on  the  contrary,  after 
closure  of  the  polarising  current,  there  was  a definite  and 
measurable  period  before  any  effects  appeared  ou  the  galvauometer. 
Let  SO  (Fig.  211)  be  the  time-abscissa,  S the  closure,  O the 
opening  of  the  battery  current.  Si/  the  height  of  the  “ resting 
nerve  current,”  then  the  entire  process  of  katelectrotonic  alteration 
that  accompanies  each  single  stimulus  in  the  tract  led  off,  is 
expressed  by  the  curve  ngskte.  The  galvanic  expression  of 
the  excitation,  which  would  otherwise  produce  a closure  twitch, 
is  first  a fugitive  négative  variation,  temporarily  of  the  opposite 
sign  (absolutely  négative)  to  the  nerve  current  in  the  given  case. 
It  is  only  much  later,  at  k,  that  the  négative  variation  due  to 
the  slowly  rising  katelectrotonic  current  commences.  It  occasion- 
ally  outlasts  the  opening  of  the  polarising  current,  and  then 
disappears  rapidly.  The  end  of  the  kathodic  closure  loavc  (as 
Bernstein  tenus  the  initial  négative  variation  due  to  the  closing 
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excitation)  usually  coincides  witli  the  beginniiig  of  the  katelectro- 
tonic  variation,  and  is  inséparable  froin  it. 

From  tbese  experinients,  as  well  as  from  tlie  earlier  observa- 
tions of  Tscbirjew,  it  would  appear  that  the  cntrance  of  the 
hatdectrotonic  current  at  the  iwint  of  leading  off  does  not  coïncide 
in  tinxe  with  the  closure  of  the  j^olarising  currcnt,  and  that  the 
widerlying  cdtcration  of  the  ncrve  diffuses  more  slowly  than  the 
wave  of  excitation  which  précédés  it.  ïhis  séparation  of  tlie 
two  apices  is  only  seen  distinctly  when  the  tract  of  nerve  led 
off  is  sufficiently  remote  from  the  polarised  tract,  since  both 


processes  appear  to  begin  simultaneously  at  the  katbode,  i.c.  at 
the  moment  of  closure,  and,  according  to  Bernstein’s  view,  can 
only  be  separated  after  further  propagation.  The  absolute  rate 
at  which  the  katelectrotonic  alteration  is  transmitted  can  there- 
fore  hardly  be  determined  exactly  from  such  experinients. 
Bernstein  estimâtes  it  at  about  9—10  m.  per  sec.  The  develop- 
ment and  diffusion  of  galvanic  anelectrotonus  is  shown  by  the 
same  method  to  be  essentially  similar,  when  the  excitation  by 
the  rheotome  is  effected  (by  reason  of  the  led -off  transverse - 
section  of  the  nerve)  with  ascending  cnrrents.  Even  with  strong 
currents  there  is  invariably  a much  smaller  négative  initial  varia- 
tion (excitatory  wave)  than  with  descending  excitation,  along 
with  whicli  there  is  a positive  anelectrotonic  dellection  increasing 
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in  proportion  with  tlie  tinie  (l^ig-  211,  njj'at'é).  Once 
more,  then,  \ve  find  ’pro^MgatÂon  of  a certain  alteration  in  the 
nerve,  the  absolute  rapidity  of  wliich  is  best  determined  by 
leading  off  isoelectrically  Iroin  two  longitudinal  points,  since  the 
négative  variation  then  causes  hardly  any  interférence.  Bern- 
stein reckons  tins  transmission  at  6-13  m.  per  sec.  In  both 
phases  of  galvanic  electrotcmns,  therelore,  ccvtciin  ctltcvcttious 
are  lyropagated  iii  tlic  nerve  f roin  section  to  section,  at  a rate  wliich, 
nnder  ail  conditions,  is  considerahly  hcloio  that  of  the  excitatory 
process.  This  fact  is  obvionsly  of  great  importance  to  the  theory 
of  electrotonic  alterations. 

Noue  of  these  experiments,  however,  seem  to  hâve  taken 
sufficient  account  of  the  time-distrihution  of  an-  and  katelcctrotonic 
changes  at  any  one  point  of  the  nerve,  with  a single  closure.  The 
earlier  experiments  of  du  Bois-Reymond  and  Bflüger  showed 
that  with  prolonged  closure  of  the  polarising  current,  both 
the  State  of  depressed  excitability,  and  the  corresponding  altera- 
tions in  anelectrotonus  at  every  point  of  the  nerve,  reach 
their  maximum  gradually,  and  then  slowly  décliné  again. 
Rtlüger  (32,  p.  319)  freqnently  fonnd  no  trace  of  altered 
excitability,  on  rapidly  exciting  after  a make  twitch,  the  déprés- 
sion only  setting  in  after  30  sec.— 1 min. 

“ As  the  anelectrotonus  swells  up  at  any  point,  and  reaches 
its  maximum,  so  it  déclinés  again  subsequently,  and  ebbs  back 
towards  the  intrapolar  tract,  if  the  closure  is  protracted.” 

“ The  period  of  flow  is  less  in  proportion  as  the  saine  current 
is  more  freqnently  closed,  or  is  initially  stronger,  so  that  with 
very  strong  currents  the  anelectrotonus  appears  to  break  in 
suddenly.” 

According  to  du  Bois-Reymond  (30,  p.  446,  and  6,  p.  255), 
this  reaction  is  expressed,  with  référencé  to  the  apparently 
corresponding  galvanic  effects  of  anelectrotonus,  by  a curve  ot 
the  form  (Fig.  212);  S being  the  moment  of  closure, 

the  first  reading  of  the  galvanometer.  The  time-distribution 
of  the  Icatelectrotonic  alterations  during  the  passage  of  current 
is  very  different.  The  katelectrotonus  at  any  point  of  the  nerve 
invariably  reaches  its  maximum  (which  is  always  lower  than 
tliat  of  anelectrotonus  under  the  same  conditions)  much  earlier 
than  the  latter,  and  appears,  at  least  as  regards  galvanie 
changes,  to  décliné  steadily  from  the  commencement  of  the 
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observation  (cnrve  kji.jc.,).  In  regard  to  exeitaljility,  Idlnger 
{Le.  p.  349)  deterinined  a brief  increase  immedia tely  after 
closure  of  tlie  polarising  eurrent.  It  is  clear,  as  was  pointed 
ont  above,  that  tbe  comparatively  slow  process  of  electro- 

tonic  alterations  at  any 
given  point  of  the  nerve, 
as  well  as  the  rapid  diminu- 
tion of  intensity  with  in- 
creasing  distance  from  the  ■ 
polarised  part,  must  présent 
great  obstacles  to  an  experi- 
mental détermination  of  the 
rate  of  transmission.  Gal- 
vanometric  tinie-measurements  more  particularly  break  down  (as 
Hermann  pointed  ont,  35,  p.  453)  in  tbis  department,  owing  to  our 
ignorance  of  the  time-distribution  of  the  initial  stages  of  electro- 
tonus.  Eveil  the  foregoing  experinients  of  Bernstein  cannot 
therefore  be  regarded  as  décisive  in  tins  question  of  the  trans- 
mission of  the  electrotonic  State,  the  more  so  since  they  are 
opposed  by  other  experinients  which  bave  not  yet  been  contra- 
dicted.  Valerius  von  Baranowsky  and  Cari  Carré  worked  ont 
a sériés  of  experiments  under  Hermaiin’s  direction  upon  the  rate 
of  diffusion  of  anelectrotonic  alterations  of  excitability,  partly  on 
Grünhagen’s  principle  as  described  above,  and  partly  by  a method 
of  Hermann.  A strong  ascending  eurrent  is  led  iiito  the  central 
end  of  a nerve  connected  with  its  muscle,  wliile  (with  a Helm- 
holtz’s  switch)  another  weaker  constant  eurrent,  also  in  an 
ascending  direction,  is  closed  as  a test  stimulus.  Then,  after 
ascertaining  that  the  polarising  eurrent  se  gives  only  opening 
and  no  closure  twitches,  while  the  weaker  test  eurrent  infallibly 
excites  at  closure,  and  on  comparing  the  magnitude  of  this  closing 
twitch  with  and  without  simultaneous  closure  of  the  polarising 
eurrent,  it  will  be  found  that  in  the  last  case,  even  where  the 
two  tracts  of  nerve  are  at  a long  distance  from  each  other, 
the  test  stimulus  will  be  ineffective,  or  will  discharge  a weaker 
make  twitch  than  before.  The  fact  that  the  interval  between 
the  closure  of  the  two  currents  was  in  these  experinients  sonie- 
tliing  under  O'OOOl  sec.,  gives  a value  for  the  diffusion  of 
anelectrotonus,  which  at  a distance  of  IG'5  mm.  between  the 
two  tracts  of  nerve  is  in  any  case  greater  than  10,000  x 16’5, 
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i.c.  more  tlian  165  m.  Further  experimeiits  uudertaken  witli 
Hermaim’s  fall  rheotome  on  Tschirjew’s  principle  sliowecl  beyoïitl 
doubt  tbat  tlie  auelectrotonic  dépréssion  of  excitability  is  présent 
at  a point  of  tlie  nerve  1 0 mm.  distant,  at  the  moment  of  closing 
the  polarising  cnrrent.  The  saine  niust  be  assumed  for  the 
hatelectrotonic  rise  of  excitability,  as  well  as  for  the  galvanic 
expression  of  electrotonus.  These  experiments  imply  that  the 
alterations  are  not  propagated,  like  excitation,  as  a wave  from 
section  to  section,  but  begin  simultaneously  at  ail  points,  at 
closnre  of  the  polarising  cnrrent.  These  diainetrically  opposite 
opinions  hâve  not  yet  been  reconciled,  but  it  inust  be  admitted 
that  the  last  experiments  of  Hermann  and  his  pupils  are  open 
to  no  well-founded  objection,  while  the  results  of  Bernstein’s 
rheotome  experiment  are  not,  for  reasons  stated  above,  perfectly 
free  from  ambiguity. 

2.  In  Non-vicd^dlatcd  Nerve 

A sériés  of  facts  which  are  of  great  importance  for  the  récog- 
nition of  the  true  nature  and  characteristics  of  the  electrotonic 
alterations  in  medullated  nerve  may  be  observed  on  certain  non- 
living  (dead)  conductors  of  a particular  kind,  and  also  upon 
non-mcdidlated  nerve.  As  regards  the  latter,  it  lias  already  been 
pointed  ont  that  the  appearance  of  the  true,  typical,  extrapolar 
electrotonus  is  correlated  with  certain  structural  peculiarities  of 
medullated  nerve  - fibres,  more  particularly  the  presence  and 
integrity  of  the  medullary  sheath.  This  point  must  now  be 
examined  in  detail.  Among  the  few  suitable  objects  of  experi- 
ment we  hâve — in  addition  to  the  olfactory  nerve  of  the  pike,  as 
first  employed  by  Kühne,  and  the  unfortunately  over-susceptible 
nerves  of  the  crayfish  (lobster)  claw — in  the  larger  examples  of 
our  native  species  of  Anodonta,  long  unbranched  non-medullated 
nerves,  which  extend  from  the  two  anterior  to  the  posterior 
ganglia,  and  présent  a high  capacity  of  résistance  (Biedermann). 
As  regards  the  electromotive  properties  of  these  fine  nerve-fibres 
(which,  if  taken  together,  are  not  nearly  as  thick  as  the  frog’s 
sciatic),  it  lias  already  been  stated  that  the  démarcation  cnrrent 
is  unusually  vigorous,  as  in  the  pike’s  olfactorius. 

If  it  is  led  off  with  unpolarisable  électrodes  to  a sensitive 
galvanometer,  while  a battery  cnrrent  of  1—2  Dan.  is  passed  into 
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tlie  other  end  of  a horizon tally-stretclied  pair  of  nerves,  there 
will,  after  compensation  of  the  démarcation  current,  be  (as 
described  above)  a more  or  less  considérable  dettection  of  tbe 
magnet  at  eacb  closure  of  the  exciting  circuit,  in  tbe  direction  of 
a diminution  (négative  variation)  of  the  nerve  current,  the 
magnitude  of  which  dépends  essentially  upon  the  direction  of 
the  polarisiug  current.  It  is  invariably  greater  when  the  current 
is  fiowing  towards  the  leading-off  end  (.3).  We  shall  terni  this 
the  descending,  and  its  contrary  the  ascending  direction  of 
current. 

The  fact  that  the  deflection  in  the  two  cases  is  homodromous, 
but  unequal  in  magnitude,  as  well  as  its  independence  of  distance 
between  the  led-off  and  polarised  tracts,  leaves  no  doubt  that 
these  are  not  pure  electrotonic  manifestations,  but  are  compli- 
cated  by  the  sequelæ  of  excitation  of  the  nerve  by  current.  The 
time-relations  of  the  négative  variation  are  remarkably  different, 
according  as  the  exciting  current  is  ascending  or  descending.  In 
the  latter  case  it  déclinés  slowly  during  closure,  in  the  former 
with  great  rapidity.  If  the  polarised  part  of  the  nerve  is  at 
maximal  distance  from  the  leading-off  tract,  the  négative  varia- 
tion at  closure  is,  as  a rule,  the  sole  effect  of  excitation  with 
either  direction  of  current.  If  the  intermediate  tract  is  reduced, 
a loositive  deflection  regularly  succeeds  the  initial  négative  varia- 
tion with  ascending  direction  of  current,  its  development  and 
character  being  essentially  conditioned  by  the  ratio  of  its  magni- 
tude to  that  of  the  previous  négative  variation.  Where  this 
is  large,  the  entrance  of  the  positive  after-elîect  is  delayed  after 
closure,  and  it  increases  more  slowly  during  the  passage  of  the 
current.  An  increasing  accélération  of  the  deflection,  or  distinct 
swelling  of  the  positive  effect  to  its  maximum,  may  often  be 
observed,  after  which  the  magnet  rests  at  its  new  position  of  equi- 
librium  as  long  as  the  current  is  passing.  The  maximum  of  the 
positive  variation  invariably  corresponds  with  a higher  intensity 
of  current  than  is  required  by  tbe  initial  négative  variation. 
Eegarding  the  latter  as  an  etïect  of  closing  excitation,  it  is  signi- 
ficant  that  it  becomes  weaker  in  proportion  as  the  intensity  of 
the  current  increases,  and  finally  disappears  altogether  (according 
to  the  third  stage  of  the  law  of  contraction).  Under  these  con- 
ditions closure  either  produces  no  visible  effect,  where  the 
distance  between  the  exciting  tract  and  the  end  led  off  is  too 
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great  to  allow  of  a geimine  positive  variation,  or  (in  otlier  cases) 
tlie  latter  alone  niay  appear,  when  the  initial  négative  effect  is 
often  indicated  by  a distinct  delay  in  the  coininenceinent  of  the 
positive  variation.  The  different  mode  of  action  of  ascending 
and  descending  currents  also  appears  characteristically  on 
hreaking  the  circuit.  With  the  descending  break  there  is  rarely 
any  distinct  augmentation  of  the  négative  deflection  that  is 
présent  dnring  closure  (in  conséquence  of  the  opening  excitation 
from  the  anode)  ; for  the  most  part  there  is  no  clear  effect,  œ- 
merely  a slight  delay  in  the  return  swing  of  the  magnet.  With 
ascending  direction  of  current  the  négative  “ opening  variation  ” 
is  much  more  frequent  and  regular. 

If  these  facts  are  compared  with  Bernstein’s  rheotome  experi- 
ments  on  medullated  frog’s  nerve,  as  above,  a certain  analogy  can 
hardly  be  disputed. 

Setting  aside,  in  the  first  instance,  the  phenomena  relating  to 
“ electrotonus,”  there  is  in  the  two  cases  a niarked  négative  detlec- 
tion  immediately  after  closure  of  the  descending  polarising  current, 
which  from  its  whole  character  must  undoubtedly  be  regardée!  as 
the  galvanic  expression  of  the  make  excitation.  It  is  not  surprising 
that  tins  should  be  a rapid  variation  in  frog  préparation  s,  a persistent 
modification  in  non-medullated  molluscan  nerve,  seeing  that  in- 
direct excitation  of  crayfish  muscle  by  the  constant  current  is, 
as  a rule,  sufficient  to  produce  closure  tetanus  {supra).  The 
closure  of  a not  immoderate  ascending  current  further  produces  in 
both  cases  a weaker  but  equally  négative  variation,  which  must, 
like  the  former,  be  referred  to  the  closing  excitation,  and  only 
fails  with  strong  currents  (third  stage  of  the  law  of  contraction). 
At  a certain  medium  distance  from  the  polarised  tract  there  is  in 
this  case  in  molluscan  nerve  a positive  détection,  immediately 
after  the  initial  négative  effect,  which  slowly  increases  during 
closure,  exactly  as  was  determined  by  Bernstein  under  sirnilar 
conditions  for  frog’s  nerve.  The  graphie  représentation  of  this 
reaction  (Fig.  211)  may,  with  slight  modifications,  serve  to  express 
the  conséquences  of  ascending  current  in  molluscan  nerve  on 
leading  off  from  transverse  and  longitudinal  sections,  at  not  too 
great  a distance  from  the  polarising  current.  Owing,  however,  to 
the  time-differences  in  the  respective  excitatory  manifestations,  the 
effects  which  in  the  former  case  require  the  application  of  the 
repeating-method  for  their  analysis,  are  here  directly  obvions  with 
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a single  closure  of  the  polarising  current.  From  tliis  it  appears 
that  noii-niedullated  iierve  also  exliibits  an  alteration  initiated  at 
the  anode  of  a polarising  current,  and  connected  with  a develop- 
ment of  positive  potential,  which  spreads  with  diminishing  intensity 
over  a certain  région  beyond  the  pôles,  and  is  more  widely  diffused 
in  proportion  with  the  strength  of  the  polarising  current. 

We  cannot  hesitate  to  compare  tins  alteration  (which  is  only 
expressed  galvanically)  with  the  “ anelectrotonus  ” of  medullated 
nerve,  seeing  that  tliere  is  a fundamental  conforrnity  between 
them.  It  is  therefore  the  more  reniarkable  that  there  should  be 
no  sign  of  alteration  in  non-medullatecl  molluscan  nerve  compar- 
able with  the  (galvanic)  katelectrotonus  of  meclullatecl  nerve.  This 
is  most  apparent  in  experiments  in  which  the  galvanometer 
électrodes  are  isoelectrically  arranged  upon  the  nerve.  With 
a descending  polarising  current  there  is  then,  as  a rule,  no 
effect  ; the  magnet  remains  absolutely  at  rest  at  and  during  the 
closure  of  the  exciting  circuit,  even  when  the  galvanometer  tract 
is  only  a few  millimétrés  distant  from  the  part  excited.  This 
shows  that  there  is  no  spread  of  the  polarising  current  by 
current-escape  of  any  kind,  in  the  préparation  in  question,  beyond 
the  région  immediately  traversed.  The  effects  at  and  during 
closure  of  an  ascending  current,  under  similar  conditions,  are 
therefore  the  more  striking.  If  the  galvanometer  électrodes 
(at  uniform  distance)  are  brought  gradually  nearer  to  the  anode 
of  the  polarising  current,  there  is  invariably  au  increasing 
deflection  in  the  sense  of  a rapidly  augmenting  anelectrotonus, 
which  may  reach  considérable  proportions  while  still  compara tively 
remote  from  the  anode. 

The  magnitude  of  these  positive  effects  of  the  ascending 
current  is  determined  not  merely  by  its  intensity,  but  also  most 
essentially  by  the  excitability  of  the  préparation.  The  effects  are 
always  more  distinct  and  more  vigorous  in  proportion  with  the 
vitality  of  the  nerve. 

At  a given  position  of  the  galvanometer  électrodes,  the 
magnitude  of  the  positive  deflection  increases  with  augmentation 
of  the  ascending  current  only  within  a comparatively  narrow 
range,  and  there  is  no  approximate  proportion  between  the  two. 
The  effect  is  generally  maximal  with  the  full  current  from  two 
Daniell  cells,  while  further  rise  of  current  intensity  produces  only 
an  inconspicuous  increase  of  deflection  (Biedermann).  This  is  true 
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both  of  the  pronouuced  efiects  tliat  obtaiii  iiear  the  exciting  tract, 
and  also  of  the  weaker  and  weakest  elfects  at  more  reinote 
parts.  Seeing  tbat  the  alterations  of  the  nerve,  fnndamental 
to  the  homodromons  incrémental  current  below  the  ascending 
exciting  current,  require  an  incomparably  longer  period  for  their 
development  than  the  initiation  and  transmission  of  excitation, 
the  duration  of  closure  of  the  constant  current  is  an  indispensable 
factor  in  the  positive  effect  in  question.  Immediately  after 
making  the  ascending  current,  or  at  the  close  of  the  négative 
variation,  the  scale  passes  beyond  the  zéro-point  in  the  positive 
direction,  and  moves  towards  the  acme  of  the  deflection,  at  first 
slowly  and  then  more  rapidly,  until  it  reaches  its  limits 
after  a closure  of  5—6  sec.  The  nearer  the  galvanonieter 
électrodes  are  brought  to  the  exciting  tract,  the  greater  will  be 
the  positive  effects,  and  the  more  marked  this  graduai  swelling  of 
the  incrémental  current  (homodromous  with  the  exciting  current), 
its  strength  remaining  constant  during  further  extension  of 
closure.  When — as  is  usual  on  leading  off  froni  the  trans verse 
end  of  the  nerve — the  variation  is  diphasic,  i.e.  first  négative  and 
then  positive,  the  first  phase  nearly  always  prédominâtes  where 
the  intermediate  tract  is  of  any  length,  and  a moderato  ascending 
current  is  employed.  In  this  case,  owing  to  the  slow  décliné  of 
the  négative  phase,  a much  longer  closure  is  required  before  the 
gradually  appearing  and  weak  positive  effect  can  be  detected,  than 
in  a nerve  with  less  distance  between  the  galvanonieter  and 
exciting  tracts,  where  the  positive  effect,  as  a rule,  far  outweighs 
the  négative,  or  alone  makes  its  appearance.  In  order  to  déter- 
mine with  certainty  to  what  distance  from  the  anode  the  effect 
extends,  it  is  advisable  to  exclude  the  interférence  of  the  négative 
deflection,  either  by  using  very  strong  currents  ah  initio,  or  by 
killing  the  upper  part  of  the  exciting  tract,  and  thus  making 
closure  excitation  from  the  kathode  impossible.  In  such  a case, 
both  with  transverse  leading  off,  and  along  the  continuity  of  the 
nerve,  there  will  only  be  a monophasic  positive  deflection,  while, 
if  the  limit  to  which  the  alteration  from  the  anode  extends  be 
exceeded,  ail  perceptible  effects  upon  the  galvanonieter  will  fail,  at 
and  during  the  closure  of  an  ascending  current.  The  rapid 
incrément  of  effect  on  bringiug  the  galvanonieter  électrodes 
nearer  the  exciting  tract  inay  thus  be  denionstrated  with  great 
distinctness. 
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As  regards  tlie  interprétation  of  these  electromotive  efîects 
beneath  the  anode  of  tlie  ascending  current,  there  cannot  well — 
silice  no  diffusion  of  tlie  polarising  current  can  be  demonstrated 
on  tlie  side  of  tlie  katbode — be  any  sucb  in  the  vicinity  of  tlie 
anode  either  : the  différences  of  potential  developing  along  the 
iierve  under  the  influence  of  current  iiiust  tlierefore  be  referred 
to  a pliysiological  alteration  of  its  State,  transinitted  apart  from 
any  presumahle  dilfusion  of  current  from  the  anode.  ïhis 
niodiflcation  niust  undergo  a inarked  decrenient,  otlierwise  it 
would  be  difticult  to  explaiii  wliy  there  sliould  sonietinies  be  a 
iiiere  trace  of  positive  action  at  a distance  from  the  anode,  wliile 
vigorous  deflections  appear  in  the  course  of  the  nerve  nnder 
uniform  conditions.  Nor  is  tliis  the  only  point  in  which  the 
positive  alteration  starting  from  the  anode  differs  from  the 
excitation  discharged  at  the  kathode,  which  is  transinitted  with 
a snialler  décrément  and  apparently  at  much  greater  velocity  ; 
it  further  persiste  duriiig  the  passage  of  the  current  at  almost 
undiminished  strength,  or  even  increases,  and  only  subsides 
rapidly  on  opeuing  the  exciting  circuit. 

Eecent  experiments  of  v.  Uexküll  (37)  show  that  cephalopod 
nerves  {Eleclone  moscliata)  react  like  those  of  Anodonta,  in  so  far, 
at  least,  as  regards  failure  of  any  conspicuous  electrotonus. 


3.  In  Coolcd  and  Etlicrised  Medullated  Nerve 

Biedermaiin  (38)  subseqiiently  ohtained  effects  from  medul- 
lated frog  nerve,  under  certain  conditions,  analogous  with  those 
descrihed  ahove  for  non-niedullated  nerve.  These  chiefly  refer  to 
alterations  of  electroniotivity  nnder  the  influence  of  the  constant 
current,  at  maximal  distance  from  the  exciting  tract,  and  with 
minimal  currents.  Usnally,  under  these  conditions,  the  single 
closure  of  an  ascending  or  descending  current,  with  transverse 
lead-off,  gives  at  most  a trace  of  effect  as  a négative  variation 
of  the  démarcation  current.  But  if,  with  préparations  of  cooled 
frogs  (where  the  nerves  frequeiitly  react  tetanically  to  the  weakest 
excitation),  the  galvanonieter contacts  are  applied,at  a sniall  distance 
apart,  to  one  end  of  the  nerve,  and  the  exciting  électrodes  (as  far 
off  as  possible)  to  the  other  end,  a very  weak  descending  hattery 
current  heing  used  as  stimulus, — theii  the  conditions  for  the 
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appearaiice  of  electrotonic  action  in  tlie  ordinaiy  sense  are  most 
nnfavourable,  and  any  négative  variation  of  tlie  nerve  current 
observed  under  snch  conditions  inay  presumably  be  referred  to 
persistent  excitation  from  tlie  kathode.  Other  data  are  also  of 
great  importance,  theoretically,  to  this  point. 

In  tlie  tirst  place,  the  magnitude  of  the  initial  dellectiori  is 
independent  both  of  intensity  of  exciting  current,  and  also,  within 
certain  limits,  of  length  of  intermediate  tract.  The  maximum 
effect  usually  appears  with  very  weak  currents,  and  it  is 
immaterial  whether  a fraction  of  the  current  from  a single  cell  or 
the  full  current  of  several  cells  is  employed  as  excitant — the 
effect  may  indeed  be  less  in  the  last  case  than  with  weaker 
currents.  Nor,  with  uniform  intensity  of  current,  can  the  effect 
be  increased  by  bringing  the  exciting  électrodes  nearer  to  the 
galvanometer  tract  (up  to  a certain  limit).  If,  on  the  other 
hand,  the  iutermediate  tract  is  shortened  by  gradually  shifting 
the  galvanometer  électrodes  away  from  the  transverse  end  of  the 
nerve,  with  unaltered  position  of  the  exciting  électrodes,  a 
diminution  of  the  négative  variation  is  regularly  observed  at  first 
with  descending  direction  of  current,  amounting  under  sonie  con- 
ditions to  its  complété  disappearance  (cf.  Table  I.  infra). 

If  the  galvanometer  électrodes  are  approximated  to  the  kathode 
beyond  a certain  point,  a new  sériés  of  homodromous  (négative) 
détections  will  appear,  which,  both  as  regards  character  during 
passage  of  current,  and  intensity,  are  quite  distinct  from  the  first 
sériés,  and  in  ail  respects  exhibit  the  saine  characteristics  as  those 
generally  accepted  as  the  signs  of  the  electrotonic  incrémental 
current.  These  are,  in  first  degree,  dependence  on  strength  of 
exciting  current,  and  strikingly  rapid  increase  of  effect  with 
approximation  to  the  exciting  tract.  During  the  closure  of  the 
excitatory  circuit  these  defiections  either  reniain  constant,  or 
exhibit  a graduai  diminution,  never  amounting  to  disappearance. 

The  following  tables  illustrate  this  reaction.  Both  sciatic 
nerves  of  a very  sensitive  (cold)  frog  {B.  esculenta)  were  siniultane- 
ously  excited  at  their  central  end.  NS=  magnitude  of  defiection 
produced  by  the  démarcation  current  ; B W,  the  rheochord 
résistance  ; ZS,  the  length  of  the  intermediate  tract  ; SB,  the 
direction  of  current.  The  sign  > indicates  the  diminution  of  the 
defiection  during  passage  of  the  current. 

Much  stronger  négative  defiections  hâve  frequently  been 
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observecl,  imder  similar  couditions,  with  both  descending  and 
asceuding  closure,  in  the  nerves  of  cooled  frogs,  on  keeping 
them  for  12—24  hours  before  the  experiment,  with  tlie  skinned 
legs  to  wliich  tbey  are  connected,  in  0’6  °/o  NaCl  at  room 
température. 

Table  I. 


KS. 

1 Daniell. 

ZS. 

SU. 

Size  of  Deflectioii. 

Make. 

Break. 

30  degrees 

HJF=10  cm. 

40  mm. 

T 

-9>-2 

+ 2 

-1+  6 

-3 

55  ,, 

30  ,, 

- 6>-2 

+ 4 

-fl0>  + 4 

_ 2 

20  ,, 

22  ,, 

T 

-1 

+ 3 

+ 16 

-3 

20  ,, 

19  ,, 

0 

+ 2 

-4 

35  ,, 

11  ,, 

-17 

+ 3 

+ 40 

-7 

00  „ 

40 

-2 

+ 2 

1 

+ 21 

-2 

Reiiiark.s. 


Tlie  longitudinal  and 
transver.se  sections 
of  the  nerve  were 
laid  across  the 
galvanonieter  élec- 
trodes. Length  of 
galvanonieter  and 
exciting  tracts  = 10 
niin.  in  each  case. 


ZS  was  gradnally 
shortened  by  bring- 
ing  the  galvano- 
ineter  électrodes 
nearer  the  excited 
tract. 


The  gradnally  increasing  concentration  of  the  saline,  from 
évaporation,  seems  here  to  increase  the  préviens  inclination  of  the 
nerve  to  tetanus,  on  exciting  it  with  the  constant  current,  as 
appears  directly  from  observation  of  the  muscle  connected  with 
it,  whicli  falls  at  closure  of  both  descending  and  ascending 
currents  into  prolonged  and  vigorous  tetanus.  The  galvanonieter 
effects  under  the  same  conditions  as  before  are  proportioiiately 
stronger,  and  négative  dellections  of  15—20  degrees  with  de- 
scending, 4—7  degrees  with  ascending  closure,  are  not  infrequent, 
on  leading  off  from  the  lower  (transverse)  end  of  such  a pair  of 
nerves.  The  diminution  of  effect  on  shortening  the  intermediate 
tract,  by  inoviug  the  galvanonieter  contacts  away  from  the  cross- 
section,  is  therefore  ail  the  more  striking. 

If  deflectioiis  in  the  direction  of  katelectrotonic  variations 
are  accordingly  perceptible  at  a greater  distance  from  the 
kathode,  oiily  in  the  case  of  an  initial  P.D.  between  the  contacts, 
theii  in  uninjured,  isoelectric  frogs’  nerve,  at  maximal  distance 
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Ironi  the  excitino;  tract,  there  will  be  absence  of  au-  and  katelectro- 
tonie  reaction,  corresponcling  essentially  with  the  electrotonic 
manifestations  throiighout  the  entire  extrapolar  tract  of  non- 
medullated  molluscan  uerve,  and  characterised  above  ail  by  failure 
of  gennine  katelectrotonns. 

If  the  sciatic  nerve  of  a cold  frog  is  prepared,  together 
with  the  leg  conuected  with  it,  and  led  off  from  two  points  as 
near  as  possible  to  the  muscle  (the  exciting  électrodes  being  as 
before — at  the  central  end),  then  if  there  is  no  marked  différence  of 
potential  the  closnre  of  a descending  carrent  will  hâve  no  percep- 
tible effect,  even  when  it  is  of  considérable  intensity.  This  is 
also  the  case  when  the  intermediate  tract  is  shortened  by  shifting 
the  galvanometer  électrodes  up  to  the  bifurcation  of  the  branch 
to  the  muscles  of  the  thigh. 

These  statements  imply  that  there  is  no  considérable  différence 
of  potential  within  the  unbranched  part  of  the  nerve.  If  the 
distance  between  the  galvanometer  and  exciting  tracts  is  reduced 
beyond  a certain  point,  there  will  of  course  be  katelectrotonic 
action  here  as  in  ail  medullated  nerve,  which  will  increase  rapidly 
on  shortening  the  intermediate  tract,  and  essentially  dépends 
upon  the  intensity  of  the  current.  We  shall  return  later  to  the 
character  of  the  anelectrotonic  manifestations  in  uninjured  nerve, 
and  need  only  state  here  that  they  can  be  demonstrated  at 
maximal  distance  from  the  exciting  tract  (with  ascending  currents), 
and  increase  steadily  on  shortening  the  intermediate  portion. 

This  is  illustrated  by  Tables  IL  and  III.,  which  relate  to  highly 
excitable  préparations  of  R.  esculenta.  The  indications  are  the 
same  as  in  the  previous  sériés. 

If  we  first  consider  the  electromotive  alterations  on  the  side 
of  the  kathode  only,  the  extrapolar  tract  of  the  uerve  is 
seen  to  fall,  with  sufficient  length,  into  two  sections,  in  which 
the  electromotive  eftects  that  appear  at  and  during  the  closnre 
of  a constant  current  originate  (notwithstanding  their  similarity 
of  direction)  in  fundamentally  different  causes.  At  maximal 
distance  from  the  effective  pôle,  distinct  effects  of  katelectrotonns 
appear  only  when  a current  of  rest  is  présent,  and  occur  more 
especiaUy  in  nerves  that  are  predisposed  to  tetanus.  These  effects 
diminish — irrespective  of  the  shortening  of  the  intermediate 
tract — with  the  diminution  of  P.D.,  when  the  galvanometer 
électrodes  are  shifted  back  from  the  cross-section,  while  much 
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more  proiiouiiced,  but  liomodroinous,  electromotive  alterations 
appear — uiider  ail  circumstances,  and  independent  of  tlie  excita- 
bility  of  the  préparation,  or  of  the  pre  - existence  of  a rest 
current — in  the  vicinity  of  the  exciting  tract,  under  the  influence 
of  the  current.  These  increase  rapidly  with  further  shortening  of 
the  intermediate  tract.  The  striking  independence  of  the  first- 
named,  weaker  effects  in  regard  to  current  intensity  (they  may 
even  décliné  in  magnitude  as  the  intensity  of  the  current  increases), 
and  length  of  intermediate  tract,  makes  it  hardly  doubtful  that 
this  is  not  ordinary  electrotonus,  but  an  effect  of  excitation. 

The  reaction  of  non-medullatcd  molhiscan  nerve,  in  tvhich  truc 
katelectrotonus  seems  to  he  altogether  absent,  is  tlierefore  coniparahle 
— under  similar  conditions — only  with  that  tract  of  mcdidlated 
nerve  whieh  is  most  rcmote  from  the  part  excited. 

The  electromotive  alterations  in  medullated  nerve  below  an 
ascending  current  exhibit  several  marked  différences  from  the 
corresponding  effects  on  the  kathodic  side,  irrespective  of  the 
opposite  direction  of  the  deflections  on  the  galvanometer. 

On  leading  off  from  the  peripheral  end  of  a sensitive  cooled 
nerve  with  an  artificial  section  (it  is  usual  to  take  two  juxtaposed 
sciatics),  and  passing  a weak  ascending  current  through  the 
central  cut-end  (1  Dan.  10—20  cm.),  there  is  invariably 

a positive  variation  of  the  (compensated)  current  of  rest  on 
closing  the  exciting  circuit  (cf.  Table  I.)  ; this  variation  averages 
5—15  degrees  of  the  scale,  and  in  most  cases  exceeds  the  corre- 
sponding effect  of  the  descending  current  under  similar  conditions 
(Biedermann).  It  is  altogether  independent  of  the  presence  or 
absence  of  a démarcation  current  (an  important  point),  and  is 
présent  at  almost  equal  strength  in  the  perfectly  uninjured  and 
isoelectric  nerve  also  (Tables  II.  and  III.). 
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Table  II. 


Rana  esculenta  (cooled  frog).  Nerve  witli  dépendent  leg. 


Strengtli  of 
Carrent. 


0 


1 Dan. 


9 

>)  ■“  >: 


3 


i i 


1 


î > 


î J 


2 


> 5 


> » 


2 


>î 


ZS. 


28  mm. 


28 


> > 


28 


i y 


19 


J > 


19 


) ) 


15 


y y 


SR. 

.Size  of  Ui'flection.  j 

Makn. 

Break. 

i 

0 

0 

+ 0>2 

-2 

0 

0 

+ 4>2 

-1 

i 

0 

0 

+ 3>0 

0 

Trace  - 

0 

+ 12>3 

-3 

i 

- 1 

0 

+ 12 

— 2 

- 2 

0 

+ 21 

_ 2 

Remarks. 


The  first  lead-olf  was  etfected 
close  to  the  point  where  tlie 
iierve  enters  the  muscle. 

Lcngth  of  galvanometer  tract 
and  exciting  tract  = 10  mm. 
respectively. 

ZS  was  shortened  by  bringing 
the  galvanometer  électrodes 
nearer  the  exciting  tract. 
Each  descending  closure 
produced  vigorous  tetanus 
of  the  leg. 


Table  III. 


R.  temporaria  (cooled  frog).  Sciatic  with  counected  leg. 


y.s. 

Strength  of 
Carrent. 

ZS. 

.SR. 

Size  of  Defiection. 

Reinarks. 

M.ake. 

Break. 

i 

0 

0 

Method  of  experiment  ns 

0 degrees 

2 Dan. 

32 

+ 6>2 

-1 

above. 

4 

25 

- 1 

0 

5 y 

+ 11>3 

-1 

0 

17 

i 

- 2 

0 

^ yy 

y y 

+ 20>8 

-2 

10 

11 

i 

-13 

0 

4 

+ 34 

-4 

The  only  différence  is  the  appearance  in  the  first  case  of  a more 
or  less  definite  négative  initial  swing,  often  indicated  only  by  the 
somewhat  retarded  entrance  of  the  positive  variation. 

It  is  only  in  rare  cases  (when  the  ascending  carrent  produces 
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a strong  closure  tetanus)  that  there  is  a dellection  of  more  than 
1—2  clegrees  of  tlie  scale  for  tlie  négative  fore-swing.  The 
positive  effect  quickly  reaches  its  maximum,  and  at  once  déclinés 
again  (sometinies  even  to  zéro). 

ün  opening  the  exciting  circuit  tliere  is  usually  a négative 
dedection,  tlie  magnitude  of  whicli  dépends  essentially  upon  the 
duration  of  the  previous  passage  of  current  ; tins  déclinés  slowly. 

If  the  galvanometer  électrodes  are  approximated  (at  unaltered 
distance)  to  the  exciting  tract,  the  intermediate  portion  of  nerve 
being  thereby  shortened,  the  deflections  caused  by  closure  of  the 
ascending  current  are  rapiclly  augmented,  independent  of  any  pre- 
existing  P.D.,  and  soon  exceed  the  négative  variation  produced 
with  the  same  position  of  the  leading-off  électrodes  by  closure  of 
the  descending  current. 

The  négative  fore-swing  which  is  generally  présent,  or  at 
least  indicated,  in  the  transverse  lead-off  is  nearly  always  absent 
in  leading  off  from  the  continuity  of  the  nerve,  so  that  mono- 
phasic,  positive  variations  alone  ensue,  the  magnitude  of  which 
diminishes  the  less  during  closure,  in  proportion  as  the  distance 
hetween  galvanometer  and  exciting  tract  is  reduced.  There  jis 
even  a perceptible  increase  in  the  vicinity  of  the  anode  during 
closure.  On  opening  the  exciting  circuit,  there  is  usually  a more 
or  less  pronounced  heterodromous  (négative)  effect,  with  longi- 
tudinal as  with  transverse  lead-off.  This  is  at  ail  events  the  rule 
in  the  vicinity  of  the  exciting  tract.  At  more  distant  points  the 
appearance  or  failure  of  a négative  opening  variation  seems,  like 
the  négative  closure  effect,  to  be  conditioned  essentially  by  the 
existence  of  a P.D.  between  the  two  contacts.  The  experimental 
tables  quoted  above  contain  evidence  for  ail  that  bas  been  said 
with  regard  to  the  galvanic  alterations  of  the  extrapolar  région 
of  the  nerve,  on  the  side  of  the  anode. 

The  interprétation  of  these  facts — relative  to  manifesta- 
tions qf  negativity  at  make  and  break  of  the  ascending  current — 
can  hardly  be  doubtful.  The  agreenient  with  the  corresponding 
phenoniena  in  non-niedullated  molluscan  nerve  is  here  so  striking 
that  the  same  explanation,  as  the  conséquence  of  closing  or  opening 
excitation,  is  obvions.  The  frequent  absence  of  the  négative 
initial  swing  with  ascending  stimulation  of  medullated  nerve, 
and  its  insignificance  when  présent,  is  liardly  surprising,  when 
we  remember  that  the  effect  dépends,  on  the  one  hand,  upon  a 
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clefiiiite  State  of  excitability  (not  always  présent  in  the  saine 
degree)  in  the  cooled  nerve,  while  on  tlie  otlier  a pro- 
nonnced  closure  tetanns  with  ascending  direction  of  current  is 
nsually  nnder  these  conditions  of  experiment  exceptional  ; and 
further,  the  subséquent  and  much  stronger  positive  effect  soon 
defeats  the  initial  heterodromous  action.  It  is  thus  intelligible 
that  the  latter  should  disappear,  or  be  présent  as  a trace 
only,  on  shifting  the  galvanometer  électrodes  away  from  the 
transverse  end  of  the  nerve,  and  thereby  rendering  the  essential 
conditions  of  its  appearance  still  more  unfavourable.  Lastly, 
it  can  hardly  be  necessary  to  State  that  the  application  of 
strong  ascending  constant  currents  may  obstruct  the  négative 
fore-swing,  as  well  as  the  transmission  of  the  closure  excita- 
tion ; it  is,  moreover,  absent  in  isoelectric  leads  from  the  un- 
injured  nerve,  as,  nnder  ail  conditions,  in  préparations  of  warmed 
frogs. 

We  hâve  already  noted  that  Engelmann  foimd  a marked 
négative  variation  in  the  démarcation  current  of  medullated 
frog’s  nerve  on  opening  the  battery  current,  provided  the  excita- 
tion took  place  nnder  conditions  in  which  a tétanie  opening 
excitation  might  be  expected. 

As  such,  for  instance,  must  be  reckoned  adéquate  strength 
and  duration  of  the  ascending  excitiug  current,  but  most  of  ail 
the  disposition  of  the  nerve  to  persistent  excitation  so  frequently 
alluded  to.  Under  favourable  circumstances  the  négative  opening 
effect  on  leading  off  from  the  transverse  end  of  the  nerve  is  not 
inferior  in  magnitude  to  the  négative  closure  effect  with  descending 
excitation. 

ISTo  definite  conclusion  as  to  the  nature  of  the  positive 
anelectrotonic  closure  effects  can  be  deduced  from  the  above 
experiinents,  since  these  exhibit  along  the  whole  extrapolar  anodic 
portion  of  the  nerve,  a reaction  essentially  similar  to  that  of  non- 
rnedullated  molluscan  nerve,  unless  it  be  reckoned  as  a distinction 
that  they  appear  in  the  former  with  weaker  currents,  and  at  a 
much  greater  distance  from  the  part  of  the  nerve  traversed  by 
the  current.  Since,  as  has  been  shown,  the  anelectrotonic  altera- 
tions in  non-medullated  nerve  can  scarcely  be  explained  otherwise 
than  by  a physiological  change  of  state  transmitted  from  the  anode, 
it  seems  highly  probable  that  a similar  process  occurs  likewise 
when  medullated  nerve  is  traversed  by  current  on  the  side  of  the 
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anode.  On  the  otlier  hand,  the  presence  of  an  extrapolar  kat- 
electrotonus,  hoinodromous  with  the  alterations  undouhtedly  trans- 
initted  by  conduction,  leads  us  in  the  last  case  to  conjecture  that 
the  galvauic  anelectrotonus  of  niedullated  nerve  may  also,  as  it 
were,  arise  from  two  components — one,  a physiological  change  of 
State  transmitted,  as  in  non-inedullated  nerve,  froni  the  anode, 
the  other,  a galvanic  alteration,  peculiar  to  niedullated  nerve,  and 
corresponding  with  katelectrotonus  proper,  the  purely  pkysical 
origin  of  which  lias  still  to  be  discussed.  We  should  thus 
anticipate  that  “ physiological  anelectrotonus  ” would  appear  in 
greatest  integrity  at  maximal  distance  from  the  exciting  tract, 
while  in  the  vicinity  of  the  anode  it  is  complicated  by  other 
honiodronious  local  alterations  of  the  nerve,  due  to  spécifie 
diffusion  of  the  polarising  current,  This  is  also  indicated  in  the 
fact,  as  above  stated,  that  anelectrotonic  effects  far  exceed  the 
katelectrotonic  in  intensity  and  range,  which  is  easily  explained 
in  view  of  the  relations  obtaining  in  non-medullated  nerve.  It 
is,  however,  désirable  to  bring  forward  further  arguments,  and,  if 
possible,  evidence,  for  such  a séparation  between  physical  and 
p)liysiological  electrotonus.  In  one  direction  such  evidence  is  offered 
by  experiments  on  niedullated  nerve,  in  ether  or  chloroform  nar- 
cosis,  where  ail  changes  transmitted  hy  conchiction  vjoukl  seem  to  hc 
dejinitely  excluded. 

From  tliese  experiments  (for  niethod  cf.  Biedermann,  38)  it 
appears  that  ail  electromotive  alterations  of  the  nerve,  that  may 
otherwise  he  ohserved  at  p>oints  remote  from  the  tract  thro7(gh 
vjhich  current  is  Jiotoing,  disappear  shortly  after  the  cotnmence- 
ment  of  éthérisation  (5—10  min.).  This  applies  both  to  the 
négative  variation  on  closing  the  descending  constant  current, 
and  to  the  positive  effects  with  an  ascending  current.  The 
ordinary  négative  variation,  moreover,  fails  when  the  nerve  is 
tetanised,  showing  that  conductivity  is  really  abolished  (thus 
giving  additional  evidence  contra.  Boruttau’s  theory  of  the  négative 
variation,  as  above).  Seeing  that  treatnient  with  ether  cannot 
fundanientally  alter  the  physical  and  Chemical  properties  of  a 
nerve  (as  shown  on  the  one  hand  by  the  constancy  of  P.D.  between 
transverse  and  longitudinal  sections,  on  the  other  by  the  rapid 
restoration  of  ail  normal  vital  properties  of  the  nerve  at  the 
close  of  narcosis),  the  presunied  double  character  of  electrotonus 
beconies  higlily  probable.  It  is  proved,  i.e.,  to  dépend  not  merely 
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on  the  préservation  of  nornial  structural  conditions  in  tlie  uerve, 
but  also,  fundamentally,  upon  its  conductivity. 

IMoreover,  it  can  be  shown  that  at  a time  when  no  trace  of 
electrotonic  action  is  demonstrable  during  etlier  narcosis  at  a 
distance  froin  the  exciting  tract,  there  are  strong  and  regular 
electrotonic  currents  in  its  immédiate  vicinity,  and  the  reaction 
of  these  under  prolonged  éthérisation  is  of  great  intei’est. 

Xormally  there  is  without  exception  a marked  différence  in 
the  strength  of  electromotive  action  on  the  side  of  the  anode  and 
of  the  kathode  respectively,  which  is  most  distinct  under  the 
action  of  weak  and  medium  battery  currents.  It  folio ws  that 
katelectrotouic  deflections  often  fail  altogether,  or  appear  only  as 
a trace  at  a distance  from  the  exciting  tract,  while  on  reversing 
the  current  anelectrotonus  may  appear  in  its  full  strength,  other 
conditions  being  uniform.  Even  in  the  vicinity  of  the  exciting 
tract  the  différence  between  kat-  and  anelectrotonic  deflections  is 
considérable,  the  latter  being  often  more  than  double. 

This  réaction  is  completely  altered  ivith  progressive  éthérisation, 
i.e.  the  anelectrotonic  deflections  rapidly  diminish  at  uniform  excita- 
tion, while  the  hatelectrotonic  effcct  remains  at  flrst  unaltered,  or  may 
even  increase  slightly.  Suhsequently  there  is  always  a point  cd  which 
the  kat-  and  anelectrotonic  deflections  are  comp>letely  cqualised,  in 
respect  of  magnitude  as  well  as  of  time-distrihidion,  and  this  pei'sists 
whatever  the  strength  of  current.  It  should  also  be  remarked  that 
with  increasing  current  intensity  the  incrément  of  deflection  is 
approximately  proportional  in  the  later  stages  of  ether  narcosis. 
If  the  narcosis  is  sufliciently  protracted,  the  katelectrotouic  effect 
will  also  be  modified  in  course  of  time  (as  would  be  anticipated), 
but  the  increasing  diminution  of  the  deflections  will  then  keep 
pace  with  the  simultaneous  diminution  of  anelectrotonus. 

If  the  narcosis  is  interrupted  only  when  ail  trace  of  electro- 
tonic action  has  disappeared,  there  is  no  recovery  of  the  normal 
vital  properties  of  the  nerve  ; it  is  then,  anatomically  and 
physiologically,  dead — the  medullary  sheath  of  the  single  fibres 
exhibiting  the  familiar  clefts  by  which  dead  nerve  is  characterised. 
But  if  the  préparation  is  removed  earlier — directly  after  the 
heterodromous  electrotonic  deflections  hâve  been  equalised — from 
the  action  of  the  ether,  and  placed  in  a moist  chamber,  recovery 
will  at  once  set  in,  as  evidenced  by  a rapid  increase  in  the 
magnitude  of  the  anelectrotonic  deflections,  with  constancy  of 
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Icatdectrotonic  effect.  Under  favourable  circumstances,  vigorous 
préparations  that  hâve  been  cautiously  narcotised  will  completely 
recover  their  normal  properties,  including  that  of  conductivity  in 
the  nerve  ; in  other  cases  there  is,  on  the  contrary,  a perceptible 
loss  (as  expressed,  e.g.  in  préparations  of  cooled  frogs,  by  the 
frequent  suppression  of  the  négative  variation  of  the  nerve  current 
described  above  as  the  galvanic  expression  of  the  make  or  break 
persistent  excitation,  at  the  close  of  narcosis — so  that  the  nerve 
reacts  precisely  like  a préparation  from  a warined  frog).  With 
tetanising  induction  currents  also  there  is  frequently  a visible  and 
permanent  diminution  of  the  négative  variation. 

The  figures  contained  in  the  following  table  will  illustrate 
these  facts  : they  refer  to  deflections  observed  under  the  same 
experimental  conditions  as  the  former  sériés.  NS  = strength  of 
the  nerve  current  ; E,  number  of  (Daniell)  cells  ; ZS,  length  of 
the  intermediate  tract  ; SR,  direction  of  current. 


Deflection. 
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UettectioM. 

1 

xs. 

Hemarks. 

Make. 

Break. 

0 

1 

10  mm. 
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'f 

-24 
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0 

_ 2 

-Aftcr  10  more  min. 

te 
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1 
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1 

i 
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-9 

9 hrs.  55  min.  immecliately  after 
commencement  of  ether  effect. 
Length  of  galvanometer,  excit- 
ing, amlintermediate  tracts,  each 
9 mm.  Position  of  électrodes 
as  in  preceding  experiment. 
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If  the  above  facts  prove  the  existence  of  pbysiological  changes 
of  State,  i.e.  such  as  are  transmitted  from  the  pôles — comparable 
tliroughout  with  electrotonus — they  wonld  seein  to  indicate  a 
satisfactory  explanation  of  the  hitherto  irreconcilahle  experiments 
of  Bernstein,  as  well  as  of  Hermann  and  his  pupils.  We  hâve 
already  pointed  ont  that  with  regard  to  anelectrotonus  the 
galvanometric  effects  in  non-mednllated  nerve  agréé  in  every 
particular  with  the  results  of  Bernstein’s  rheotome  method  on 
medullated  frog’s  nerve.  This  is  intelligilde  if  it  lie  admitted 
that,  at  the  given  distance  between  galvanometer  and  exciting 
tracts,  the  galvanic  manifestations  of  excitation  and  of  transmitted 
physiological  electrotonus  alone  take  effect  ; while  the  experiments 
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of  Gi’ünliageii  and  Hermann  relate  essentially  to  the  conséquences 
of  physical  anelectrotonus,  the  develoinuent  of  wliich,  at  different 
points  of  the  nerve,  is  governed  by  quite  a different  law.  Wundt’s 
commimications  inay  possibly  find  an  explanation  from  the  saine 
point  of  view.  Under  any  circumstances,  however,  further 
investigation  is  required,  in  order  to  inake  a décisive  judgment 
possible.  Above  ail,  it  is  legitimate  to  ask  whether  the  katelectro- 
tonus  of  inedullated  fibres  (which  appears^to  fail  altogether  in 
non-inedullated  nerve)  may  not  also  mask  a “ physiological  com- 
ponent,”  as  is  certainly  implied  by  Bernstein’s  experiments. 


4.  In  Polarisahle  Schemata 


We  inust  now  enter  more  particularly  into  the  nature  of 
electrotonus’’  as  exhibited  in  medullated  nerve,  during 


Fig.  213. 


ether  narcosis.  Du  Bois-Eeyniond  attempted,  from  the  stand- 
point  of  his  molecular  theory,  to  explain  the  whole  of  the  galvanic 
manifestations  of  electrotonus  by  a directive  influence  of  the 
polarising  current  upon  the  electromotive  molécules  of  the  nerve, 
which  is  not  confined  to  the  tract  directly  traversed,  but  extends 
more  or  less  widely  beyond  it.  If  the  nerve  is  conceived  as  con- 
structed  of  peripolar  molécules,  each  consisting  of  two  dqjolar 
halves  (Fig.  213),  the  exciting  (polarising)  current,  which  is  passed 
tbrough  one  portion  of  the  nerve,  induces  a homodronious  incré- 
mental current  in  the  cntire  nerve, — the  electrically  heterogeneous 
particles  being  arranged  after  the  pattern  of  Volta’s  pile,  the 
positive  zones  directed  to  the  side  towards  which  the  current 
is  fiowing  in  the  nerve,  the  négative  zones,  on  the  contrary. 
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to  that  from  wliich  it  is  Corning — as  in  Grottliuss’  theory  of 
electrolysis.  Du  Dois-Eeyinond  furthcr  assumes  that  tins  dis- 
position in  the  direction  of  the  current  is  not  confined  to  the 
intrapolar  tract,  but  extends  in  a diminisliing  degree  to  the  extra- 
polar régions  also,  hy  which  lie  explains  the  electrotonic  incré- 
mental current.  Since  this  interprétation  stands  and  falls  with  the 
theory  of  pre-existing  electromotive  force  in  the  nerve,  which  may 
now  be  regarded  as  disproven,  we  need  not  enter  upon  it  in 
detail  ; and  may  turn  to  those  experinients  hy  which  Matteucci,  in 
1863,  indicated  the  true  physical  explanation  of  galvanic  electro- 
tonus  (39).  He  found  regular  différences  of  potential  in  stretched 
métal  wires  (platinum)  soaked  in  a conducting  fluid,  when  any 
part  of  the  wire  was  traversed  hy  a constant  current.  At 
every  point  of  the  extrapolar  région  there  was  between  each  pair 
of  points  led  off  to  the  galvanometer  a current  homodrornoùs  with 


the  primary  (polarising)  current,  which  was  weaker  in  proportion 
as  the  point  tested  was  more  remote  from  the  polarising  tract. 

Later  on,  the  saine  phenonieiion  was  thoroughly  investigated 
by  Hermann  (39),  who  gave  a complété  theoretical  explanation  of  it; 
showing  it  to  be  due,  not — as  Matteucci  at  first  thought — to  the 
conséquences  of  spread  (by  diffusion)  of  the  electrolysis  occiirring 
at  the  électrodes,  but  to  a spécial  case  of  polarisation  (“  secondary 
polarisation  ”).  If  a current  is  led  into  the  inoist  sheath  of  a wire 
(Fig.  214)  at  two  points,  it  dépends,  as  Hermann  showed,  essentially 
upon  the  polarisability  or  unpolarisahility  of  the  combination  how 
far  the  current  will  diffuse  in  the  sheath  of  the  metallic  core. 
Matteucci  stated  that  an  amalganiated  zinc  wire,  of  which  the 
sheath  is  moistened  with  zinc  siilphate,  gives  no  extrapolar 
différences  of  potential  ; and  this  was  confirmed  by  Hermann.  It 
is,  in  fact,  easy  to  see  that  the  current,  under  these  conditions,  will 
enter  or  leave  the  métal  core  at  the  actiial  électrodes  and  their 
immédiate  vicinity  only,  since  the  lines  of  current  rapidly 
diminish  in  intensity,  with  increasing  length,  owing  to  the 
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augmentecl  résistance.  But  if  polarisation  occurs  at  the  point  at 
which  the  lines  of  current  pass  from  the  fluid  into  the  métal, 
and  if  there  is  in  conséquence  such  a marked  “ résistance  ” 
that  the  résistance  due  to  unequal  length  of  the  lines  of  current 
is  practically  ont  of  considération,  there  is  evidently  nothing 
to  prevent  a wider  diffusion  of  the  current  in  the  moist  sheath 
along  the  core  (Hermann). 

As  is  obvions  from  the  accompanying  schéma,  a brandi 
current  must  flow  in  every  extrapolar  leading-off  circuit,  at  what- 
ever  point  it  is  applied,  in  the  direction  of  the  polarising  current 
(Fig.  214).  The  following  observations  of  Hermann  (39,  v.  p. 
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270)  point  to  the  same  resuit.  “ In  Fig.  215  the  lines  Ah  and  Cf/ 
show  the  path  that  would  inevitably  be  taken  by  the  current  if 
there  were  no  polarisation,  in  view  of  the  thinness  of  the  moist 
sheath  and  good  conductivity  of  the  métal  core,  in  order  to  pass 
from  the  electrode  points  A and  C to  the  core.  If  polarisa- 
tion occurs  at  h and  g,  the  métal  (e.g.  platinum  in  dilute 
sulphuric  acid)  would  be  charged  with  hydrogen  at  h,  with  oxygen 
at  g.  The  platinum  point  h,  which  is  charged  with  hydrogen, 
would  then  be  electrically  active  towards  the  uncharged  points 
near  it  /q/q,  and  currents  would  be  generated  in  the  moist  sheath 
in  the  direction  shown  in  the  figure.  These  currents  give  off 
hydrogen  at  /q/ij,  oxygen  at  h,  but  in  a quantity  insufficient  to 
neutralise  the  fresh  hydrogen  which  is  constantly  being  deposited 
by  the  current.  The  charged  points  /q  are  now  electromotive  to 
their  uncharged  neighbours  /lo,  fresh  currents  /q/q,  arise  which 
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agaiii  charge  A.,  with  hydrogen,  and  so  on.  The  whole  région 
round  A is,  however — so  soon  as  a stationary  condition  lias  been 
established — charged  (in  a degree  that  diininishes  with  the  distance) 
with  hydrogen,  that  round  C with  oxygen.  The  currents  that 
arise  from  these  charges,  and  at  the  sanie  tinie  niaintain  theni,  caii 
be  detected  in  a leading-olf  circuit,”  as  indicated  above  (Hermann). 

For  the  more  exact  investigation  of  these  phenoniena,  which 
are  important  to  the  theory  of  electrotonus,  Hermanii  subse- 
quently  employed  a niodel,  in  which  the  nioist  sheath  was 
replaced  by  a free  Üiiid  (saturated  zinc  sulphate).  Tins  circulated 
in  a glass  tube  (Fig.  216)  with  latéral  openings,  through  which 
lie  passed  a platinum  wire.  Amalgamated  zinc  wires  served  as 
the  leading-in  and  leading-off  électrodes.  Apart  from  the  facts 
qiioted  above,  this  experinient  showed  that  every  interruption  of 
the  wire  (core-conductor),  or  of  the  liquid  sheath,  between  the 
polarised  and  led-off  parts,  hindered  the  production  of  the  extra- 
polar currents,  which,  for  the  rest,  are  proportional  with  the 
polarising  current.  They  coincide  with  the  electrotonic  incré- 
mental current  of  mediillated  nerve,  in  so  far  that,  with  a given 
distance  between  the  two  tracts,  their  intensity  increases  with  the 
leiigth  of  area  traversed  (with  uniform  intensity  of  polarising 
current).  The  currents  are  further  présent  at  the  moment  of 
closure,  and  where  the  combination  employed  {e.g.  platinum  in 
zinc  sulphate  or  sulphuric  acid)  is  polarisable  on  both  sides,  are  of 
equal  strength  at  anode  and  kathode.  On  the  other  hand,  the 
extrapolar  currents  on  the  kathodic  side  fail  altogether,  or  appear 
only  in  the  immédiate  vicinity  of  the  pôle,  when  the  combination 
polarises  on  one  side  (the  anode)  only — e.g.  zinc  wire  in  H2SO4  or 
XaCl,  copper  wire  in  H2SO4  or  ZnS04.  Lastly,  as  in  nerve, 
so  in  the  core-model,  the  extrapolar  incrémental  current  fails 
altogether  with  transverse  direction  of  current. 

In  the  year  1883  Hermann  discovered  011  a core-model 
(platinum  in  zinc  sulphate),  2 métrés  long, — on  passing  in  frequent, 
brief,  constant  currents  of  uniform  direction,  with  Bernstein’s 
rheotome — that,  with  a great  distance  between  the  polarised  and 
led-off  parts,  the  electrotonic  currents  sonietinies  began,  or  at  any 
rate  attained  their  maximum,  only  after  the  polarising  current 
had  been  opened,  which  obviously  points  to  an  undulatory  character 
of  the  corresponding  galvanic  processes.  With  a shorter  distance 
between  exciting  and  galvanonieter  tracts,  the  niaximum  of  hoino- 


302 


ELECTRO-PHYSIOLOGY 


rilAI’. 


dl'omous,  electromotive  activity  occurs  at  tlie  end  of  the  closure  of 
the  polarising  curreiit.  Between  the  two  leading-off  électrodes, 
agaiii  (as  in  the  pliasic  cnrrents  of  action),  there  are  two 
successive,  opposite,  and  unequal  phases  of  carrent,  the  first  and 
stronger  of  which  is  homodronious  with,  the  second  on  the  otlier 
hand  heterodronious  to,  the  polarising  carrent.  This  last  phase 
does  not  here  iniply  that  the  undulatory  process  moving  forward 
with  a rapidity  of  20-65  métrés  per  sec. — which  on  reaching  the 
first  leading-off  electrode  produces  the  first  phase — gives  rise  to  an 
opposite  phase  at  the  second  contact  (when  it  is  simultaneously 
extinguished  or  greatly  diminished  at  the  first)  ; but  it  is  due  to  a 
heterodronious  current  arising  at  break  of  the  polarising  carrent,  in 
the  intrapolar  tract  of  the  core-conductor.  “ Shortly  expressed, 
the  second  phase  is  nothing  else  than  the  comparatively  retarded 
State  into  which  the  core-conductor  is  thrown  by  polarisation,  in 
conséquence  of  the  rapid  succession  of  momentary  closures  of  the 
polarising  current.  The  first  phase,  however,  is  the  undulatory 
action  of  each  single  momentary  closure,  superposed  upon  this  con- 
dition. It  appears  in  complété  integrity,  when  the  two  opposite 
polarisations  of  the  wire  core  do  not  neutralise  each  other,  or 
when  one  polarisation  only  is  présent,  so  that  a bipolar  current  is 
impossible  ” (Hermann). 

While  Hermann  is  very  cautions  in  accepting  the  possible 
bearings  of  these  remarkable  but  theoretically  insufficiently  - ex- 
plained  phenomena  upon  the  transmission  of  excitation  in  the 
nerve,  and  admits  that  there  may  be  only  plausible  analogies, 
Boruttau  (20)  bas  recently  adopted  the  extreme  physical  stand- 
point.  He  finds  that,  on  leading  in  the  alternating  cnrrents  of  an 
induction  apparatus  to  a core  composed  of  platinum  or  palladium 
wire  in  0‘6  per  cent  saline,  by  means  of  a rheotome,  galvanic  un- 
dulations  are  manifested,  due  to  the  rapid  transmission  (over  100 
métrés  per  sec.)  of  a négative  phase  to  a considérable  distance,  and 
corre.sponding  throughout  with  the  phasic  cnrrents  of  action 
{inter  alia.  as  regards  effect  of  température  upon  rate  of  trans- 
mission). As  we  hâve  stated,  he  views  the  négative  variation 
also  as  no  more  than  an  undulatory  katelectrotonus.  By  employ- 
ing  very  long  core-models,  consisting  of  niany  glass  tubes  placed 
together,  by  which  the  distance  between  traversed  and  led-ofi' 
tracts  could  be  increased  to  4 métrés,  Boruttau  observed  the 
undulatory  transmission  of  negativity,  and  this  alone,  with  great 
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distiiictiiess.  Ou  passing  a constant  current  there  is  at  the 
kathode  only,  on  closing  the  cnrrent,  at  the  anode  on  hreaking  it, 
“ an  eflect,  albeit  brief  and  inconspicnons,  in  the  direction  of 
negativity  of  the  proximal  electrode.”  “ ïhis  monientary  négative 
effect  is  innch  more  visible  when  single  indnction  shocks  are  sent 
into  the  ‘ exciting  tract  ’ hy  a key.  A brief  négative  effect 
corresponds  with  each  such  shock,  indcpcnclent  of  its  direction." 
Alternating  currents  prodnee  negativity  of  the  proximal  electrode, 
whicli  lasts  as  long  as  the  “ tétanisation.”  “ Analysis  hy  the 
differential  rheotome  also  shows  that  a wave  of  negativity  {i.e. 
katelectrotonns)  is  transmitted  at  these  distances,”  it  being  a 
matter  of  indifférence  whether  short,  frequent  battery  currents, 
or  induction  shocks,  are  led  through  the  exciting  tract  hy  the 
rheotome.  “ Both  cases  exhibit  the  wave  of  negativity  spreading 
over  the  tract  led  off,  in  two  phases,  so  that  the  proximal 
electrode  is  first  négative  and  then  positive  to  the  distal  contact.” 
Such  complété  identification  of  the  negativity  which  is  the 
concomitant  of  excitation,  with  the  kateleetrotonic  wave,  must  be 
protested  against,  in  spite  of  the  many  striking  analogies  between 
these  phenomena  in  the  core-model,  and  the  galvanic  reaction  of 
medullated  nerve  traversed  hy  the  current.  The  objections  which 
we  hold  to  be  conclusive  against  such  a point  of  view  are,  in  the 
first  place,  the  appearance  of  analogous  galvanic  manifestations  in 
electrical  excitation  of  the  most  diverse  “ irritable  ” tissues,  the 
structure  of  which  in  no  way  justifies  us  in  assuming  that  they 
are  core-conductors  in  the  saine  sense  as  medullated  nerve  ; further, 
the  fact  that  etherised  medullated  nerves,  in  which  physical 
“ fixed  polarisation  ” appears  after,  as  well  as  previously,  exhibit 
no  trace  of  transmitted  activity  ; and  lastly,  and  above  ail,  the  fact 
that  the  galvanic  manifestations  of  excitation  appear  equally  in 
ail  appropriate  ohjects  with  other  ihan  electrical  stimidation. 
Boruttau,  indeed,  does  not  hesitate  to  refer  once  more  to  the 
properties  of  the  core-conductor.  He  sees  an  analogue  to  the 
mechanical  excitation  of  nerve  and  its  galvanic  conséquences  in 
the  sudden  rupture  of  the  wire  inside  the  moist  sheath,  after 
previously  filing  it  at  a giveu  point,  since  he  then  observed  in 
every  case  “ with  great  précision,”  on  leading  off  from  a remote 
tract,  “ a comparatively  conspicuous  momentary  appearance  of 
current,  or  charge,  followed  hy  an  immédiate  return  to  the  préviens 
State  of  rest.”  Without  disputing  these  experimental  data,  no 
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one  wlio  lias  acceptée!  the  point  of  view  that  living  animal  or 
vegetable  cells  are  alone  excitable,  conld  subscribe  to  the  con- 
clusions deduced  froni  them.  This  is  another  example  of  the 
danger  of  generalising  from  observations  on  any  one  object,  and  of 
criticising  vital  manifestations  from  a one-sided  physical  point  of 
view,  witliout  regard  to  différences  of  strueture. 

Without  denying  that  further  investigation  may  perhaps 
bring  to  light  other  analogies  between  the  conduction  of  excita- 
tion on  the  one  hand,  and  that  of  the  undulatory  electrotonus  in 
the  core-model  on  the  other,  it  must  be  borne  in  mind  that 
excitation  and  conductivity  of  excitation  may  be  observed  in 
objects,  and  under  conditions,  where  Boruttau’s  physical  assump- 
tions  are  certainly  not  présent. 

Even  for  “ fixed  loolarimtion"  however,  it  is  questionable 
whether  the  persistent  electrotonic  currents  that  appear  in  the 
immédiate  vicinity  of  the  area  traversed  in  medullated  nerve  can 
be  explained  entirely  on  Hermann’s  principle  of  interprétation, 
although  they  are  no  doubt  partly  physical  in  origin.  That 
structural  constitution  of  the  medullated  fibres  which  here  cornes 
more  especially  (and  perhaps  solely)  under  considération,  i.e.  the 
investment  of  the  axis-cylinder  with  the  medullary  sheath,  exhibits 
prima  facie  few  eharacteristics  intégral  to  the  original  core-model 
of  métal  and  fluid.  In  the  first  place,  there  is  the  enormous 
différence  of  conductivity  between  moist  sheath  and  métal  core. 
Any  such  marked  disparity  in  conductivity  between  axis-eylinder 
and  medullary  sheath  is  obviously  excluded  ab  initia  ; it  may, 
indeed,  be  asked  whether  any  perceptible  différence  exists.  A 
second  question  is,  whether  any  polarisation  at  ail  is  présent  at 
the  interfaee  of  these  two  elementary  constituents  of  medullated 
nerve,  and  if  so,  whether  such  a polarisation  at  the  surface  of  two 
electrolytes  can,  as  regards  its  effect  upon  current  diffusion,  be 
compared  with  that  taking  place  at  the  junction  between  métal 
and  fiuid  ? 

With  regard  to  the  first  point,  Hermann  long  ago  gave  ex- 
perimental proof  that  the  very  considérable  différence  between 
longitudinal  and  transverse  résistance  in  the  nerve  is  essentially 
to  be  referred  to  an  E.M.F.,  heterodromous  to  the  current  and  due 
to  polarisation.  With  transverse  passage  of  current  this  seems 
to  occur  mainly  at  the  boundary  between  neurilemma  (sheath  of 
Schwann)  and  medullary  sheath,  so  that  with  Hermann  we  must 
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regard  as  core-substaiice,  not  iiierely  the  axis-cyliuder,  but  tbe 
“ eutire  protoplasmic  contents  of  the  tul  le  ” ; as  sheath,  not 
nierely  the  inedullary  sheath,  but  also  “ the  neurilemma,  and  the 
interstitial  connective  tissue.” 

Hermann  brought  parallel  frogs’  nerves,  placed  together, 
between  two  quadratic  glass  plates,  and  deterinined  the  résistance 
by  Wheatstone’s  inethod,  passing  the  current  once  longitudinally, 
and  once  transversely,  to  the  direction  of  the  fibres.  “ ïhe  trans- 
verse résistance  was  five  times  as  great  as  the  longitudinal  résist- 
ance ; the  former  is  about  twelve  and  a half  million,  the  latter 
only  two  and  a half  million  times  as  great  as  that  of  mercury.” 

If  the  existence  of  surface  polarisation  is  accepted  on 
the  analogy  of  the  core-model  for  medullated  nerve,  it  must 
further  be  asked  whether  the  intensity  of  such  polarisation 
at  the  interface  of  the  two  electrolytes  is  sufficient  to  account 
for  the  observed  diffusion  of  current  in  the  nerve.  From 

a purely  theoretical  standpoint  this  cannot  be  disputed. 
In  view,  however,  of  the  intensity  of  the  electrotonic  effects, 
we  should  practically  be  compelled,  with  Hermann  (40), 
to  recognise  in  the  nerve  an  “ unparalleled  ” force  of  surface 
polarisation,  since  “ the  polarisation  at  the  interface  of  normal 
fluids  (which  is  very  weak  as  compared  with  the  metal-fluid 
combinations)  could  only,  in  conséquence  of  the  résistance, 
induce  a very  feeble  diffusion,  which  would  be  altogether  masked 
by  the  experimental  errors.” 

Nevertheless,  experimental  combinations  of  nioist  conductors 
hâve  been  found  to  give  exceptionally  strong  effects  in  the  sense 
of  a pronounced  and  regular  electrotonus  ; this  reaction,  however, 
must  be  referred  less  to  surface  polarisation  in  Hermann’s  sense 
than  to  a peculiar  mode  of  current  diffusion,  according  to  a 
theory  advauced  by  Grünhagen  (41)  and  Hering  (24).  Hering 
employs  a simple  model  for  “physical  electrotonus,”  which  is 
admirably  suited  to  ail  démonstrations,  i.e.  the  long  stem  of  the 
pipe-grass,  without  internodes,  which  is  first  soaked  in  water, 
and  then  filled  just  before  the  experiment  with  concentrated 
saline.  The  feelers  and  bones  of  the  crayfish,  preserved  in 
alcohol,  and  saturated  before  the  experiment  with  0’6  per  cent 
saline,  are  no  less  convenient. 

The  striking  similarity  of  the  resulting  electrotonic  manifesta- 
tions with  those  observed  under  the  same  conditions  in  etherised 
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nerve,  e.xtends  not  luerely  to  equcality  of  an-  and  katelectrotonic 
detiections,  but  also  to  tlie  more  or  less  approximate  proportion 
which  exists  at  a given  position  of  leading-in  and  galvanometer 
électrodes,  between  tlie  magnitude  of  effect  produced  and  intensity 
of  tbe  polarising  current  (d8).  An  essential  characteristic  of 
“ electrotonic  ” currents,  as  opposed  to  ordinary  current  escape,  is 
presented  by  tlie  fact  that  the  direction  of  the  extrapolar 
current  led  off  is  determined  by  the  position  of  the  galvanometer 


Fio.  217.— Schéma  of  current  diffusion  in  an  ordinary  conductor  lîartially  traversed  by  current. 


Fig.  21S. — Schéma  of  current  diffusion  in  a “ core-model.”  (Grünhagen.) 


current.  This  is  shown  by  the  accompanying  schéma  (Fig.  217), 
where  it  is  seen  that  the  extrapolar  branches  of  current  led  olf 
froni  opposite  sides  of  the  conductor  niust  necessarily  be  hetero- 
dromous.  On  the  other  hand,  this  does  not  occur  either  in  the 
nerve  or  in  any  of  the  niodels  described  above.  Whatever  the 
'position  of  the  (jalvanomcter  électrodes,  the  carrent  lcd  off  is  invari- 
nhly  homodromous  with  the  polarising  current.  The  sole  essential 
conditio7i  is  that  the  axis  of  a moist  conductor  should  co7itain  a corc  of 
hetter  conductivity  than  the  sheath.  It  is  immaterial  whether,  as  in 
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]\Iatteucci’s  core-inodel,  this  is  a mctal,  or,  as  in  Hering’s  experi- 
ments,  as  well  as  in  an  analogons  metliod  of  Grünhagen  (42),  and 
in  certain  combinations  recently  einployed  by  Bornttau,  a fiiiid 
condnctor.  According  to  (îrünbageu  (Fig.  218),  we  shonld 
imagine  that  in  every  combination  of  conductors  on  tlie  plan  of 
the  accompanying  schéma  (Fig.  218),  “ the  branch  currents 
running  in  the  sheath  take  only  one  direction  towards  the  l^etter- 
condncting  core,  while  the  récurrent  branches,  on  the  contrary, 
are  included  within  the  better-condncting  axis.”  “ In  conséquence 
of  this  absorption  of  ail  récurrent  diffusion-currents  by  the  core- 
conductor,  the  sheath  is  free  of  tliem,  and  wherever  the  leading- 
off  contacts  of  the  galvanometer  circuits  are  applied,  whether  at 
the  side  uear,  or  opposite  to,  the  leading-in  électrodes,  there  will 
only  be  branch  currents  in  the  one  direction,  identical  with  that 
of  the  diverging  lines  of  current  as  described  above  ” (Grünhagen). 
If  this  view  is  accepted,  the  axis-cylinder  should  be  a much  better 
condnctor  thaii  the  medullary  sheath,  which,  indeed,  from  the 
histo-chemical  point  of  view,  seems  not  improbable.  The  com- 
plété failure  of  any  definite  jjhysical  electrotonus  in  non-medullated 
nerve,  and  in  muscle,  would  accordingly  be  determined  by  the 
absence  of  badly-conducting  sheaths  to  the  single  éléments  ; to 
which  it  must  further  be  added  that  (as  lias  been  recently  con- 
firmed — Biedermann)  electrotonic  effects  are  also  absent  in  cases 
where,  as  in  many  crustacean  nerves,  the  solitary  axis-cylinder  is 
surrounded  by  well-developed  stratified  sheaths  of  connective 
tissue.  'The  physico- Chemical  constitution  of  the  medullary 
sheath  appears,  therefore,  to  be  indispensable  to  current  diflüsion. 
In  this  connection  there  are  some  interesting  experiments  on  the 
nerves  of  Palœmon,  which,  according  to  Eetzius,  contain  medul- 
lated  fibres,  and  thus  differ  cornpletely  from  those  of  most  other 
crustacea. 

As  the  outcome  of  the  preceding  discussion,  it  must  be 
admitted  that  there  is  in  medullated  nerve  a diffusion,  whether 
produced  by  “ secondary  polarisation  ” or  by  direct  current  escape, 
of  the  external  current  over  the  tract  directly  traversed,  i.e.  an 
electrotonus  of  iihysical  origin,  which  is  however  complicated,  as 
a rule,  by  homodromous  physioloyiml  alterations  of  the  nerve. 
From  the  physiological  standpoint  the  chief  interest  lies  in  the 
alterations  of  the  nerve,  i.e.  of  its  excitability,  produced  by  the 
diffusion  of  the  exciting  current.  In  muscle,  where  the  entrance 
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mul  exit  of  the  curreiit  are  contiued  esseiitially  to  the  actual 
contacts  and  tlieir  immédiate  vicinity,  the  polar  action  of  the 
carrent  finds  localised  expression  on  the  one  hand  as  excitation, 
on  the  other  as  inhibition,  only  at  the  points  at  which  it  is 
initiated.  But  where,  as  in  medullated  nerve,  the  physiological 
anode  or  kathode  {i.e.  the  région  within  which  lines  of  carrent 
pass  in  and  ont  of  the  excitable  substance  of  the  axis-cylinder) 
lias  any  considérable  extension,  the  saine  mast  of  course  hold 
good  of  ail  the  consecpiences  of  excitation  and  inhibition.  The 
spatial  extension  of  physical  electrotonus  as  the  sam  of  ail  the 
changes  directly  produced  by  the  electrical  carrent  is,  in  other 
words,  masked  by  the  spatial  diffusion  of  anodic  and  kathodic 
points  in  the  tissue  traversed  by  the  carrent.  If  it  is  thas  a law 
for  muscle  as  well  as  nerye  that,  within  certain  limits  of  carrent 
intensity  and  passage  at  the  physiological  kathode  {i.c.  at  every 
point  by  which  carrent  leaves  the  excitable  substance),  there  is 
during  closure  a condition  of  aagmented  “ expectancy  ” — the 
contrary  being  the  case  at  the  physiological  anode — we  bave  in 
this  a direct  interprétation  of  the  facts  of  intra-  and  extrapolar 

alterations  of  excitability,  as  diffased 
antagonistically  from  the  pôles  in  a 
polarised  medullated  nerve.  This 
farther  explains  the  striking  vise  of 
excitability  in  the  vicinity  of  each 

Fio.  2in.—Blectrotonio  diffusion  of  the  ciHificial  CTOSS  - SectioU.  As  iu  tlie 

démarcation  current  along  tlie  nerve 

(weak  longitudinal  currents).  (Her-  CaSe  Ol  ail  exteriial  ClllTent,  tlie 

démarcation  carrent  of  each  niedal- 
lated  nerve-fibre  will  not  inerely  eqaalise  itself  in  the  immédiate 
proxiniity  of  the  démarcation  surface,  but  (again  for  the  sanie 
reasons)  will  give  oü‘  lines  of  carrent  to  a long  distance  from 
the  cross  - section,  as  indicated  in  the  accompaiiying  schéma 
(Fig.  219);  and  these,  escaping  in  ail  directions  from  the 
axis-cylinder,  throw  the  latter  into  katelectrotonas  with  ail  its 
secpielæ,  the  intensity  of  the  sanie  of  course  declining  rapidly 
with  distance  from  the  cross-section.  The  so-called  weak  longi- 
tudinal currents  may  therefore,  as  was  lirst  pointed  ont  by 
Hermann  (cf.  Fig.  219),  be  regarded  siinply  as  the  electrotoiiic 
spread  of  the  démarcation  carrent. 

Lastly,  there  is  the  fact  already  alladed  to  that,  in  electrical 
excitation  of  a medullated  nerve  that  lias  andergone  local  morti- 
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licatioii,  the  physiological  action  of  one  pôle  may,  as  in  muscle,  be 
exclnded,  if  a greater  or  less  part  of  the  intrapolar  tract  is  killed, 
with  as  little  injnry  as  possible  to  histological  structure.  This, 
again,  is  siinply  explained  by  the  spatial  distribution  of  the  points 
by  which  current  leaves  and  enters,  as  well  as  the  différence 
already  pointed  ont  between  abterminal  and  atterminal  induction 
currents,  sent  into  the  transverse  end  of  a medullated  nerve.  ïhe 
E.j\I.F.  at  the  boundary  of  “ altered  ” and  non-altered  nerve-sub- 
stance  is  presumably  very  high,  since  there  is  a marked  action 
froin  the  deriving  currents  led  off  externally  ; so  that  the  intensity 
of  the  branches  of  current,  which  are  short -circuited  in  the 
proximity  of  an  artificial  transverse  section  of  medullated  nerve, 
by  the  substance  of  the  sheath,  must  undoubtedly  be  very  great, 
owing  to  the  low  résistance  of  their  microscopie  longitudinal  path 
(Hermann). 

YI.  Secondary  Electromotive  Changes  in  Herve  following 
THE  Passage  of  a Current 

As  in  muscle,  so  in  medullated  nerve,  it  was  shown  by  du 
Bois-lîeymond  that  every  part  traversed  by  a current  of  adéquate 
strength  exhibited  regular  electromotive  action  in  a given  direction 
when  the  circuit  was  brohen.  He  referred  the  phenoniena  in 
both  cases  to  “ internai  polarisation,”  since  it  appeared  that  an 
opposite  (eventually  homodromous)  after- current  could  also  be 
observed  when  the  two  leading-off  électrodes  to  the  galvanometer 
were  situated  between  the  exciting  électrodes,  within  the  intra- 
polar région.  It  lias  already  been  shown  (1.  p.  444)  that  this  view 
is  erroneous,  at  least  as  regards  muscle.  Tn  the  case  of  nerve 
the  investigation  is  much  more  difficult,  owing  to  the  smaller 
intensity  of  effect,  and  still  more  from  the  electrotonic  diffusion 
of  the  (polarising)  exciting  current.  Hevertheless,  it  may  be 
affirmed  from  ail  the  observations  made  up  to  the  présent  time 
that  no  real  différence  exists  in  regard  to  secondary  electromotive 
phenoniena,  between  nerve  and  muscle.  Du  Bois-Eeymond 
obtained  maximal  négative  effects  after  prolonged  passage  of  coni- 
paratively  weak  currents,  while  maximal  “ positive  polarisation  ” 
occurred  after  a brief  closure  of  a strong  battery  (25—30  Groves  !), 
(43).  Hermann,  who  at  first  found  no  fundaniental  différence  in 
the  deflections,  on  sending  current  through  a tract  of  nerve  40 
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mm.  long  (two  frog’s  sciatics  with  the  opposite  ends  in  contact), 
wlien  the  leading-off  tract  was  successively  as  near  as  possible  to 
the  anode,  and  then  to  the  kathode,  finally  determined  that  “ the 
homodromous  after-phase  of  the  cnrrent  was  regularly  absent  in 
nerve,  as  in  muscle,  when  the  physiological  anode  coincided  with 
the  artificial  transverse  section  and  was  led  ofî  from  there.”  Hence 
there  is  no  doubt  that  the  homodromous  after-current  (“  positive 
polarisation  ”)  is  to  be  viewed  exclusively  as  the  galvanic  expres- 
sion of  the  opening  excitation. 

The  wide  extrapolar  diffusion  of  the  polarising  current  in 
medullated  nerve  makes  it  désirable  to  test  the  reaction  of  the 
extrci'polar  after-current  on  breaking  the  circuit.  The  first 
investigation  was  made  by  Fick  (44),  who  found  that  a hetero- 
dromous  after-current  appeared  on  both  sides  of  the  polarising 
current,  and  quickly  vanished  again.  A little  later  on  Hermann 
(45),  followed  by  Fick,  asserted  that  this  occurred  only  on  the 
side  of  the  anode,  while  a current,  homodromous  with  the  polar- 
ising current,  appeared  beyond  the  kathode,  its  strength  being 
always  less  than  that  of  the  anodic  after-current.  In  regard  to 
the  latter,  moreover,  Hermann  subsequently  ascertained  (46)  that 
it  was  preceded  by  a brief  variation,  homodromous  with  the  polar- 
ising current. 

Hermann  explained  ail  these  manifestations  by  the  “ polar- 
isation ” after-currents  (which  he  carefully  investigated  on  the 
“ core-model  ”)>  combination  with  the  “ irritative  ” after-currents 
due  to  polar  manifestations  of  excitation,  and  especially  to  the 
opening  excitation.  We  hâve  already  seen  that  these  last  are 
alone  sufficient  to  account  for  ail  secondary  electromotive  effects 
in  muscle,  and  the  saine  is  a iwiori  probable  for  nerve  also. 
Further  investigation  is,  however,  désirable  before  Corning  to  a 
final  decision.  In  any  case,  the  extrapolar,  anodic  after-current 
(heterodromous  to  the  polarising  current)  dépends  upon  the 
negativity,  which  gradually  diminishes  from  the  pôle  outwards, 
and  is  the  galvanic  conséquence  of  the  ojiening  excitation  ; while 
the  homodromous,  extrapolar,  kathodic  after-current  may  equally 
be  défi  lied  as  “ irritative,”  if  the  negativity,  which — as  in  muscle 
— again  déclinés  from  the  pôle  outwards,  is  viewed  as  the  after- 
effect  of  the  préviens  excitation,  extending,  of  course,  in  a 
medullated  nerve  as  far  as  there  are  points  of  exit  for  the  lines  of 
current. 
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VVe  liave  fartlier  to  examine  the  reasoiis  brought  forvvard  by 
Grützner  and  Tigerstedt  (48)  for  tlieir  contention  that  certain 
fonns,  perhaps  indeed  ail  opening  twitches,  produced  by  négative 
polarisation  currents  are  really  closing  twitches.  In  view  of  the 
above,  it  is  évident  that  this  current,  when  of  adéquate  strength, 
may  play  the  saine  part  along  the  continuity  of  the  nerve  as  the 
démarcation  current  at  the  transverse  end,  i.e.  that  it  can  eventu- 
ally  set  up  “ false  ” opening  twitches. 

And,  in  fact,  Peltier  (who  in  1836  was  the  first  to  observe 
négative  polarisation  in  the  limbs  of  frogs  through  which  current 
was  passing,  and  whose  investigations  forlned  the  starting-point 
of  du  Bois-Eeymond’s  labours  in  this  direction)  had  already 
interpreted  the  opening  twitch  by  the  polarisation  current.  Du 
Bois -Eey moud,  however,  stated  against  this  view  that  “ these 
charges,  in  order  to  induce  a current  through  the  nerve,  required 
to  ail  appearance  a closed  circuit,  which  condition  was  cancelled 
by  opening  it  ” (23,  i.  p.  381).  Matteucci  was  also  of  Peltier’s 
opinion,  that  the  opening  twitch  could  be  explained  by  the 
(négative)  polarisability  of  the  nerve,  without,  however,  adducing 
any  cogent  evidence  (47). 

As  regards  du  Bois-Eeymond’s  objections,  their  importance 
is  lessened,  since  it  has  been  established  experimentally  that 
the  internai  short-circuiting  of  a démarcation  current  that  occurs 
both  in  muscle  and  in  nerve  is  sufficient  to  discharge  an  “ apparent  ” 
break  twitch.  Under  the  presumption  of  adéquate  intensity,  the 
same  phenomenon  may  be  anticipated  for  the  négative  polarisa- 
tion current  produced  by  the  exciting  current,  and  it  only  remains 
to  show  experimentally  that  certain  opening  twitches  may  really 
corne  about  as  described  above. 

Grützner  (Jt.c.)  set  up  experiments  with  the  view  of  determining 
whether  there  might  not  be  different  modes  of  appearance  of  the 
opening  twitch,  with  indirect  excitation  of  the  muscle,  according 
as  the  polarising  heterodromous.  current  is  short-circuited  at  the 
moment  of  opening  the  exciting  current  by  a good  external  shunt 
circuit,  or,  in  the  absence  of  such  a shunt,  short-circuits  itself 
internally  in  the  nerve.  And  there  does  actually  seem,  more 
particularly  with  métal  électrodes,  always  to  be  a différence 
agreeing  with  the  theory.  The  opening  twitch,  i.e.,  appears  much 
earlier  (viz.  with  weaker  exciting  currents),  or  is  more  pronounced, 
in  the  presence  of  an  external  sliunt  for  the  polarisation  eurrent, 
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than  when  it  is  absent.  Hermann  lias  cominnnicated  sirailar 
experiinents  wliich  lie  carried  ont  in  1875-76,  witli  tlie  saine 
resnlt,  but  did  not  pnblisli. 

Froin  tliese  tacts  it  appears  that  tlie  polarising  lieterodroinous 
current  is,  nnder  tlie  given  conditions,  iniplicated  in  tlie  discharge 
of  tlie  opening  twitch,  altliough  we  must  by  no  means  conclude 
that  it  is  invariably  the  sole  factor.  This  conclusion  seems,  how- 
ever,  to  Grützner  and  Tigerstedt  to  be  justibed,  niaiuly  by  the  fact 
that  ail  those  circumstances  which  are  favourable  to  the  appear- 
ance,  or  increase,  of  a négative  polarisation  current  are  also  con- 
ducive  to  the  appearance  of  the  break  twitch. 

The  normal,  vigorous,  and  uninjured  nerve  is  characterised  (as 
was  remarked  above)  by  a certain  résistance  to  excitation  from  the 
break  of  an  electrical  current,  so  that  tolerably  strong  battery 
currents  are  required  to  discharge  opening  twitches  after  a brief 
closure.  When,  however,  a break  twitch  lias  once  been  dis- 
charged  by  an  adéquate  current,  then  even  weak  currents  (that 
previously  took  effect  at  make  only)  will  excite  directly  after- 
wards,  provided  that  in  both  cases  the  sanie  tract  of  nerve 
is  traversed  by  the  current.  After  a brief  period  of  rest  this 
excitatory  effect  disappears  again  completely.  Grützner  and 
Tigerstedt  interpret  this  reaction  to  niean  that  the  négative  polar- 
isation current,  set  up  by  the  stronger  current  in  the  tract 
traversed,  and  gradually  subsiding  at  break  of  the  exciting 
current,  disposes  this  tract  during  its  passage  to  the  discharge 
of  “false”  opening  twitches,  in  which  case  the  short-circuiting 
of  the  polarisation  current  can  only  (with  the  normal  niethod  of 
opening  the  exciting  current)  be  internai,  occurring  within  the 
nerve  itself. 

Tigerstedt  arrived  at  the  following  results  from  his  investiga- 
tion of  the  time-relations  of  négative  polarisation  in  frog’s  nerve, 
as  well  as  its  dependence  upon  intensity  and  duration  of  the 
exciting  current  : — 

(i.)  Within  certain  liniits  of  current  intensity  the  (négative) 
polarisation  of  the  nerve  is  directly  proportional  to  the  strength 
of  the  exciting  current. 

(ii.)  If  the  polarising  current  acts  upon  the  nerve  during  an 
indelinite  period,  polarisation  increases  ; it  rises  quickly  at  the 
beginning,  then  more  slowly,  reaching  its  niaximum  with  extrenie 
sluggishness. 
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(iii.)  AVheii  the  polarising  current  is  opeiied,  tlie  polarisation 
rapidly  reaches  its  climax,  and  then  sinks  again  continnously  ; 
tliis  fall  occurs  qnickly  at  first,  and  afterwards  more  slowly,  so 
that  polarisation  lasts  for  a long  time  after  tlie  opening  of  the 
polarising  cnrrent,  and  only  reaches  its  zéro  asymptotically. 

The  opening  twitch  agréés  in  ail  three  points  with  the  néga- 
tive polarisation  current.  AVe  hâve  already  referred  to  the  fact 
that  inotor  frogs’  nerves  are  so  altered  hy  the  action  of  dilute 
solutions  of  alkaline  salts,  or  alcoholic  sait  solution,  that  at  a 
given  stage  the  weakest  constant  currents  will  discharge  opening 
twitches,  after  quite  brief  closures,  of  the  saine  character  as  the 
break  twitch  from  a transverse  section, — which  alteration  may  be 
completely  neutralised  by  washing  ont  the  foreign  substances. 

Tigerstedt  linds  that  “ the  (négative)  polarisability  of  the 
nerve  also  lises  on  treatnient  with  alcoholic  saline  to  l'5  tinies 
its  original  height,”  and  sees  in  tins  fact  a further  confirmation 
of  the  view  that  the  opening  twitch  is  the  closure  twiteh  of  the 
négative  polarisation  current.  Finally,  Tigerstedt  refers  the 
eaiiier  appearance  of  the  break  twitch  on  exciting  the  divided 
sciatic  jilexus,  as  compared  with  the  excitation  of  peripheral 
points  of  the  nerve  (Biedermaim  and  Grützner),  to  a more  ready 
polarisability  of  those  sections  of  the  nerve.  The  démarcation 
current  niust,  however,  play  the  principal  part. 

In  summing  up  these  tacts,  it  can  liardly  be  doubtful 
that  certain  foriiis  of  opening  twitch  are  to  be  interpreted  as  closure 
twitches  from  the  négative  polarisation  current.  Such  sweeping 
généralisations  as  those  formulated  by  Tigerstedt,  and  more 
recently  by  Hoorweg  (49),  which  “ refer  the  opening  excitation 
and  ail  phenoniena  that  occur  on  opening  the  polarising  current  ” 
to  “ the  (négative)  polarisation  current,  and  in  certain  exceptional 
cases  to  the  nerve-(niuscle)  current,”  are,  however,  quite  unjustifi- 
able.  They  are  more  especially  contradieted  by  the  fact  that,  as 
was  pointed  ont  by  Hermann,  break  twitches  also  appear  on 
merely  diminishing  the  current  (in  négative  variations  of  intensity), 
in  whieh  case  there  is  usually  no  polarisation  current,  since  the 
anode  can  never  beconie  kathode  if  the  diminution  is  less  than 
half 

There  is  yet  another  point  of  view  from  which  it  appears 
possible  to  approach  the  question  of  whether  the  electrotonic 
incrémental  eurrent  is  due  solely  to  physical  current  escape,  or  to 
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physiological  alterations  of  the  iiervous  substance.  Something 
may  be  learned  from  the  reaction  of  electrotonic  currents  on 
exciting  the  nerve,  i.e.  the  current  of  action  in  electrotonised  nerve. 
The  first  of  these  points  was  investigated  by  Bernstein  (50). 

He  begaii  by  examining  into  the  alterations  of  the  négative 
variation  of  the  démarcation  current,  when  a tract  of  nerve  is 
simultaneously  traversed  above  or  below  the  exciting  tract  by  a 
constant  current.  If  the  latter  is,  in  the  first  place,  very  weak, 
the  polarising  électrodes  being  also  so  remote  from  the  trans- 
verse lead-off  that  any  perceptible  interférence  of  electrotonic 
curi’ents  inust  be  excluded,  there  will,  when  the  exciting  élec- 
trodes in  connection  with  the  secondary  coil  of  an  induction 
apparatus  are  placed  between  the  polarised  and  led-off  tracts  of 
the  nerve  (are,  i.e.,  “ infrapolar  ”),  regularly  be  an  augmentation  of 
the  négative  variation  with  the  descending,  a diminution  of  it 
with  the  ascending,  direction.  The  contrary  effect  occurs  on 
exciting  above  the  polarised  région  of  the  nerve. 

These  results  obviously  agréé  in  the  main  with  the  electro- 
tonic alterations  of  excitability  as  determined  by  Pflüger,  since 
the  galvanometer  merely  takes  the  place  of  the  normal  index 
of  muscular  excitation.  But  if  the  polarising  électrodes  are 
brought  nearer  to  the  led-off  transverse  section,  so  that  the 
electrotonic  différences  of  potential  are  at  first  weak,  and  sub- 
sequently  augmented, — the  démarcation  current  either  diminish- 
ing  (in  the  négative  phase)  or  growing  stronger  (positive  phase), 
according  to  the  direction  of  the  polaidsing  current, — there  will 
then,  with  infrapolar  tetanising  excitation,  be  a distinct  décrément 
of  the  négative  variation  in  the  négative  phase  of  electrotonus, 
produced  by  descending  current  ; an  incrément,  on  the  other  hand, 
in  the  positive  phase,  with  ascending  current.  In  the  first  case 
the  négative  variation  may,  if  the  strength  of  the  polarising 
current  exceeds  a certain  limit,  be  reduced  to  0,  or  even  reversed 
in  sign.  The  former  invariably  occurs  when  the  démarcation 
current  vanishes  altogether  in  the  négative  phase.  If,  on  the 
other  hand,  the  current  is  reversed,  the  l’.D.  increases  during 
exeitation  in  the  saine  direetion.  There  is  thus  “ a distinct  de- 
pendence  of  the  négative  variation  upon  the  strength  and  direction 
of  the  entering  electrotonic  phase.  If  the  latter  augments  the 
nerve  current,  the  négative  variation  increases  also  ; when  it 
diminishes  it,  the  négative  variation  is  also  diminished,  and 


X 


ELECTROMOTIVE  ACTIOX  IX  XERYE 


315 


falls  to  zéro,  so  soon  as  the  led-otf  carrent  disappears  entirely 
iii  the  négative  phase.  The  variation  conséquent  on  excitation 
is  therefore  invariably  négative  to  the  initial  sign  of 
the  nerve  carrent.”  As  Bernstein  remarks,  these  resnlts  are 
easily  explained  on  the  assumption  “ that  the  carrent  led  off  from 
the  nerve  in  a State  of  electrotonns  reacts  like  an  ordinary  nerve 
(démarcation)  carrent.  The  weaker  it  is,  the  weaker  is  its 
négative  variation,  and  vice  verset.  The  two  disappear  together, 
just  as  the  négative  variation  disappears  on  leading  off  from 
two  symmetrical  points  of  an  nnpolarised  nerve,  and  reversai  of 
the  carrent  reverses  the  sign  of  its  variation  also  ” (Le.  p.  622), 
Bernstein  estahlished  hy  further  experiments  (in  which  the 
excitation,  whether  snprapolar  or  otherwise,  along  the  continnity 
of  the  nerve,  was  led  off  from  two  longitudinal  contacts)  that  the 
electrotonic  incrémental  cnrrents  give  a precisely  similar  reaction 
on  exciting  medullated  nerve  to  that  of  the  ordinary  démar- 
cation carrent.  Tins  appears  most  plainly  when  the  polarising 
and  exciting  électrodes  are  applied  to  either  end  of  the  longest 
nerve  available,  the  lead-off  being  from  two  points  of  the  inter- 
mediate  tract.  Since  in  this  case  the  electrotonic  alterations 
are  not  obliged  to  pass  the  point  of  excitation,  nor  the  excitation 
the  polarised  tract,  in  order  to  reach  the  leading-off  circuit,  the 
effect  of  excitation  on  electrotonic  currents  may  be  investigated 
in  its  integrity.  While  Bernstein  explains  these  observations  by 
a diminution,  conséquent  upon  excitation,  of  the  energy  or  activity 
of  the  supposed  electromotive  molécules,  Hermann  is  led,  by  his 
interprétation  of  the  galvanic  manifestations  in  electrotonns,  to 
refer  these  facts  to  alterations  of  intensity  in  the  négative  wave 
of  excitation,  during  its  passage  through  the  nerve,  when  the  latter 
is  polarised.  “ It  is  indeed  more  prono anced  at  any  point  of 
the  nerve,  the  more  strongly  positive  and  weakly  négative  the 
polarisation  of  the  latter,  i.e.  it  increases  when  it  is  becoming 
algeliraically  more  positive,  and  diminishes  when  it  advances 
upon  more  négative  points  ” (Hermann’s  law  of  the  “ polarisation 
incrément  ” of  excitation). 

VII.  Theoretical 

Altliough  it  is  liardly  possible  at  the  présent  time  to  formu- 
late  any  theory  of  electrical  excitation  that  shall  cover  ail  its 


316 


ELECTRO-PHYSIOLOOY 


( ii.\r. 


manifestations,  it  still  seems  advisable,  in  view  of  the  previous 
(lata,  wliich  are  based  upon  a great  number  of  single  observations, 
to  attempt  to  reach  certain  general  standpoints  wlience  a 
survey  of  tbe  whole  department  shall  become  possible.  In  the 
présent  state  of  our  knowledge  it  is  obvions  that  this  can  only  be 
the  most  general  orientation,  and  we  may  perhaps  say  with  justice 
that  here,  as  in  other  departments  of  physiology,  the  final  explana- 
tion  is  more  reniote  than  seemed  probable  at  no  very  distant 
period.  Dn  Bois-Eeymond’s  brilliant  discoveries  roused  a hope, 
amounting  even  to  conviction  in  many  minds,  that  the  molecnlar 
theory — so  acutely  conceived  and  franght  with  such  weighty 
conséquences — pointed  to  a real  pliysical  compréhension  of  ail 
phenomena  of  nerve  and  muscle  activity,  although  it  was  clear 
from  the  beginning  that  Chemical  processes  played  a no  less 
important  part.  So  strongly,  however,  had  the  first  view  obtained 
the  ascendant,  in  conséquence  of  the  overpowering  effect  of  the 
data  arrived  at  in  experimental  physiology  by  purely  physical 
methods,  that  there  was  no  hésitation  in  finding  a parallel  between 
muscle  and  nerve,  and  dead,  inorganic  bodies.  As  against  this 
there  has  of  late  been  notable  progress,  most  workers  now  insist- 
ing  on  the  clicmical  aspects  of  vital  function,  or  at  least  regarding 
these  as  equal  with  the  physical  processes.  Du  Bois-Eeymond, 
indeed,  subsequently  dehned  the  electroniotive  molécules,  which 
he  regarded  as  the  constituents  of  nerve  and  muscle,  as  a definitely 
orientated  crowd,  with  pronounced  Chemical  activity,  and  Bern- 
stein, to  whom  we  shall  return,  took  the  saine  view.  ISleverthe- 
less,  in  judging  of  the  significance  of  this  hypothetical  molecnlar 
structure  to  vital  processes,  and  more  particularly  to  electroniotive 
changes  in  the  activity  of  nerve  and  muscle,  stress  was  laid,  not 
on  the  concomitant  alterations  of  intra-molecular  constitution,  but 
on  the  physical  change  of  place  of  each  molécule.  Du  Bois-Eey- 
niond  himself  never  attempted  to  apply  his  theory  to  the  explana- 
tion  of  excitation  per  se,  or  its  propagation  from  the  seat  of  direct 
stimulation.  He  was  contented  to  dérivé  the  corrélative  galvanic 
manifestations  from  it,  and  expressly  warns  us  against  considering 
the  “ pile-like  ” polarisation  of  the  nerve,  by  which  he  accounts  for 
electrotonus,  to  be  identical  with  “ the  process  which  conditions 
movenient  and  sensation  ” (23,  p.  385).  Notwithstanding  this, 
there  is  no  lack  of  conjectures  which  in  this  respect  far  outstrip 
those  of  the  founder  of  the  molecular  theory  ; and  it  is  interesting 
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(as  well  as  characteristic  of  the  physical  considérations  whicli  till 
recently  prevailed  in  physiology)  to  stndy  the  théories  which 
were  subsequently  expressed  as  to  the  nature  of  electrical  ex- 
citation in  particular,  froin  the  starting-point  of  the  niolecnlar 
hypothesis.  In  vol.  i.  of  Funke’s  excellent  text-book  (2nd  ed. 
1803)  the  following  characteristic  statenient  occurs  on  p.  859  : 
“ ïhe  exciting  electrical  current  disposes  the  molécules  of  the 
nerve  hetween  the  électrodes  in  a dipolar  arrangement,  on  the 
System  of  the  voltaic  pile  ; the  molécules  which  lie  at  the  edge  of 
the  dipolar  layer  first  produced  by  the  electrical  current  attract 
those  which  lie  heyond  the  électrodes,  and  are  directed  contrary 
to  the  exciting  current.  These  again  act  upon  the  next  inverted 
sériés,  and  so  on,  until  ail  the  molécules  are  arranged  down  to  the 
end  of  the  nerve  like  a pile.  It  follows  that  at  the  moment 
when  electrotonus  is  produced  in  the  tube  of  the  nerve,  a process 
of  transmission  takes  place,  analogous  with  the  course  of  a wave 
aloug  a trough  filled  with  water.  In  this  last  case  we  learn  from 
physics  that  there  is  a progressive  displacement  of  the  single 
particles  of  Iluid,  at  a given  rate,  from  the  point  at  which  the  wave 
is  excited  to  the  end  of  the  trough  : in  nerve  there  is  a progres- 
sive displacement  of  the  molécules  from  the  excited  spot  to  the 
two  ends  in  succession,  in  consecpience  of  the  electrical  action  at 
a distance  of  each  molécule  upon  its  neighhours.  The  propaga- 
tion of  this  molecular  movement  occurs  like  that  of  the  wave  of 
water,  with  comparat’ively  low  and  measured  velocity.  A process 
of  transmission  corresponding  in  some  degree  with  the  négative 
wave  occurs  in  the  nerve-tube  at  the  moment  when  electrotonus 
ceases.  AVhen  the  exciting  current  is  interrupted,  the  molécules 
hetween  the  électrodes  return  by  virtue  of  an  unknown  directive 
force  to  the  peripolar  arrangement;  their  directive  action  upon 
those  external  to  them  consequently  disappears — the  latter  also 
return  to  the  peripolar  disposition,  along  with  those  succeeding  to 
them,  and  so  on  to  the  end  of  the  nerve.  The  attraction  of  the 
molécules  at  the  close  of  electrotonus  (oj>ening  of  the  current)  is 
opposite  in  direction  to  that  at  its  commencement  ; the  direction 
of  transmission  is  the  same,  analogously  with  the  relations  of  the 
positive  and  négative  wave  of  water.  We  bave  already  seen  that 
the  beginning  and  end  of  electrotonus,  the  closure  and  opening  of 
the  exciting  current,  are  accompanied  by  a twitch  of  the  muscle 
connected  with  the  nerve,  i.e.  that  the  muscle  twitch  due  to  the 
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arrivai  of  excitation  at  the  muscular  end  of  the  nerve  occnrs 
at  the  two  moments  in  whicli  the  progressive  change  of  position 
in  the  molécules  of  the  nerve  reaches  the  molécules  of  that  end  of 
the  muscle.  We  hâve  seen  that  a tvvitch  of  the  muscle  accom- 
panies  every  sudden  alteration  of  density  in  the  exciting  current  ; 
here  too,  as  niay  easily  be  shown,  the  twitch  which  notifies  tlie 
State  of  excitation  coincides  with  a motion  propagated  in  the 
nerve  froni  molécule  to  molécule  in  succession  till  it  reaches  the 
muscle.  The  pile-like  arrangement  in  electrotonus  is  not  quite 
perfect,  i.c.  the  molécules  directed  contrary  to  the  direction  of 
the  pile  are  turned  not  quite  at  an  angle  of  180°,  but  only  at 
fractions  of  the  half-circle,  of  different  magnitudes.  The  size  of 
this  révolution  dépends,  apart  from  other  conditions,  upon  the 
density  of  the  exciting  current.  If  this  density  is  suddenly 
increased  to  a certain  degree,  then  each  molécule  in  order  turns 
a fraction  farther,  as  directed  by  its  neighbour  ; conversely  each 
molécule  turns  back  a fraction  on  the  momentary  diminution 
of  the  current  density.  This  progressive  and  partial  révolution 
of  the  molécules  already  deflected  out  of  the  peripolar  disposi- 
tion is,  like  the  original  rotation  at  the  beginning  of  electro- 
tonus, accompanied  by  a twitch  of  the  muscle  ; while  no  tvvitch 
occurs  so  long  as  the  molécules  are  at  rest,  no  matter  whether 
they  are  peripolar  or  more  or  less  dipolar  in  arrangement,  or 
whether  the  rotation  of  the  single  molécules  follows  gradually  at 
greater  intervals,  as  is  the  case  in  graduai  increase  or  decrease 
of  current  density.  The  more  considérable  the  instantaneous 
rotation  commuuicated  from  neighbour  to  neighbour,  the  greater 
will  be  the  State  of  excitation  expressed  by  the  degree  of  the 
muscle  twitch.” 

“A  persistent  and  apparently  constant  State  of  excitation  in  the 
nerve  is  produced  by  a current  interrupted  at  short  intervals  (either 
by  homodromous  or  by  alternating  and  heterodromous  shocks)  : 
here  we  must  picture  each  of  these  short  currents  as  accompanied 
at  its  commencement  and  termination  by  movements  of  the  molé- 
cules of  the  nerve,  so  that  during  electrical  tétanisation  the  molé- 
cules undergo  a rapid  sériés  of  rotations  in  different  directions. 
Under  these  circumstances,  therefore,  the  transmitted  movements 
of  the  electromotive  molécules,  and  the  excitatory  condition,  co- 
incide  in  the  electrically-excited  nerve  ; neither  is  seen  without 
the  otlier,  neither  outlasts  the  other.  The  two  must  therefore  be 
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intiinately  relatecl,  if  they  are  not  identical;  i.c.  thc  transmittcd 
State  of  excitation  is  constituted  hy  Ihc  transmittcd  movement  of  thc 
elcctromotive  molécules.” 

The  difficulties  in  the  way  of  sucli  a sclieiiiatic  and  one-sided 
point  of  view,  nnder  even  the  niost  favourable  instances  of  excita- 
tion by  tlie  electrical  cnrrent  {c.y.  the  fact  of  the  rapid  diininntion 
of  intensity  of  electrotonic  action  with  distance  froin  the  point  of 
excitation),  bave  not  prevented  attempts  to  explain  the  mode  of 
action  of  other  stimnli  on  the  saine  principle.  Eckhardt,  foi- 
instance,  thonght  it  possible  to  refer  the  effect  of  Chemical  excita- 
tion of  the  nerve  to  a transmittcd  change  of  position  of  the 
supposed  molécules,  starting  froni  the  erroneons  presumption  that 
the  necessary  condition  of  every  non-electrical  excitation  is  the 
momeutary  death  of  the  excited  part  of  the  nerve.  The 
destruction  of  the  electroniotive  molécules  in  the  part  that  lias 
been  killed,  and  conséquent  loss  of  their  directive  influence  on 
their  nniujured  neighbours,  causes  these  to  take  up  new  positions, 
and  thus  progressively  alters  the  position  of  ail  the  following 
molécules. 

But  even  the  simple  molecular  theory  of  electrical  excitation, 
as  set  forth  above,  is  shown  to  be  wholly  untenable,  so  soon  as  the 
law  of  the  exclusively  polar  excitation  of  “ excitable  ” substances 
is  recognised  as  universally  valid.  In  particular,  the  evidence 
brought  forward  by  Pflüger  to  show  that  there  are  antagonistic 
changes  of  state,  expressed  in  opposite  alterations  of  excitabilty 
in  the  vicinity  of  the  two  pôles  of  a constant  current  led  through 
the  nerve,  as  well  as  the  further  proof  that  excitation  starts  at 
closure  from  one  electrode  only  (the  kathode),  at  opening  froni 
the  other  (the  anode),  cannot,  as  is  évident  even  froni  the 
standpoint  of  the  molecular  theory,  be  reconciled  with  the 
idea  of  complété  identity  between  the  progressive  “ pile-like  ” 
polarisation  and  excitation.  Eor  it  is  not  conceivable  that 
the  molécule  should  change  its  position  at  closure  at  the  kathode 
only,  on  opening,  on  the  contrary,  at  the  anode;  niucli  rather 
would  every  point  of  the  whole  tract  traversed  participate  equally 
in  the  discharge  of  the  excitatory  process,  since  the  priniary 
changes  of  position  of  the  molécules,  according  to  du  Bois’  theory 
of  electrotonus,  occur  equally  between  the  two  pôles  throughout 
the  intrapolar  area. 

Without  directly  subscribing  to  du  Bois-Beymond’s  molecular 
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theoiy,  Pflüger  (32)  bas  very  acutely  trieci  to  establisli  a view 
assüciated,  on  tbe  one  band,  witb  tbe  idea  of  a inolecular  structure 
of  tbe  uervous  substance,  and  illustratiug  its  esseiitial  pbenoiuena 
uuder  tbe  bgure  of  pbysical  alterations  witbiii  tbe  System,  wbile, 
ou  tbe  otber,  it  is  in  line  witli  ail  tbe  experimental  data  kuowu 
up  to  tbe  présent.  AVe  sball  mainly  refer  to  tbe  lucid 
account  wbicb  Ennke  {Physiol.  4tb  ed.  i.  p.  865  ff.)  gives  of 
PÜüger’s  tbeory.  Pflüger  starts  witb  tbe  presumption  tbat  tbere 
is  in  nerve — as,  indeed,  in  ail  “ excitable  ” substances — a combina- 
tion of  molécules  “ wbicb  constantly  strives  to  enter  into  motion, 
but  cannot,  because  tbere  is  an  obstacle,  a molccular  inhibition. 
Silice  tbe  inolecular  combinations  of  tbe  System  bave  a constant 
tendency  to  mo veinent,  tbere  must  be  a constant  force  wbicb 
drives  tbeni.  But  inasmuch  as  tbe  molécules  remain  at  rest,  tbe 
force  of  iiibibition  must  be  equal  and  opposite  to  tbe  former  ” 
(PÜüger,  Le.  p.  478).  In  tbe  resting  condition  of  tbe  nerve,  tbe 
two  forces  of  moleciilar  energy  and  molecular  inbibition  are  in 
eqiiilibrium,  tbe  latter  being  maintained  by  given  forces  at  a given 
position,  wbicb  it  instantly  recovers  wben  otber  forces  working 
iipon  it  bave  produced  a temporary  disturbance.  Displacenient 
of  tbe  elastic  molecular  inbibition  in  a double  and  opposite  direction 
must  furtber  be  possible,  tbe  conditions  for  disebarge  of  energy 
being  indiiced  by  tbe  displacenient  in  one  of  tbese  directions,  in 
sueb  a way  tbat  more  potential  is  converted  into  dynamic  energy 
in  proportion  as  inbibition  is  displaced  in  one  direction,  wbile 
displacement  in  tbe  opposite  direction,  on  tbe  coiitrary,  produces 
accumulation  of  potential  energy. 

Pflüger  gives  a graphie  figure  of  tbe  mecbanism  of  disebarge  in 
any  cross- section  of  tbe  nerve.  A cyliuder  bent  at  rigbt  angles 
{ABC,  Fig.  220)  carries  on  its  borizontal  limb  AB  a water-tigbt 
piston  D,  wbicb  is  movable  in  tbe  direction  of  tbe  arrows  ab  and 
cd.  A compressed  spring  fastened  to  tbe  piston  presses  against  it 
on  one  side,  and  inipels  it  witb  a certain  force  in  tbe  direction 
ab.  On  tbe  otber  side,  tbe  fluid  poiired  into  tbe  vertical  arm  of 
tbe  cyliuder  pusbes  against  tbe  piston,  witb  tbe  bydrostatic 
pressure  corresponding  witb  tbe  beigbt  of  tbe  coliimn  of  fluid 
in  tbe  vertical  limb  BC,  and  tends  to  piisli  tbe  piston  in  tbe 
direction  cd.  ïbe  piston  will  obviously  conie  to  rest  in 
tbat  position  at  wbicb  tbe  tension  of  tbe  spring,  and  tbe  pressure 
of  tbe  column  of  fluid,  are  in  equilibriuni.  Bebind  tbe  piston 
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tliere  is  au  opeiiiug  g in  the  horizontal  arm  of  the  cylinder, 
whicli  l’hüger  conçoives  to  be  spiriform,  its  higliest  point  lying  next 
the  piston.  If  the  elasticity  of 
the  spriug  is  increased,  it  presses 
more  strongly  npon  the  piston, 
pushes  it  farther  from  the  opening 
g,  and  displaces  the  tluid  in  front 
of  it,  which  theu  rises  higher  in 
the  vertical  limh,  and  there  is  in- 
creased hydrostatic  pressure.  If, 
on  the  other  hand,  the  elasticity 
of  the  spriug  is  diminished,  the 
fluid  displaces  the  piston  in  the 
opposite  direction  cd,  and  pushes 
it  more  or  less  away  from  the 
opening  g,  which  is  then  reached 
by  the  fluid,  which,  on  streaming  out,  acquires  vital  energy  deriving 
from  the  height  of  fall.  With  this  streaming  out,  the  hydrostatic 
pressure  diminishes,  so  that  the  force  of  the  spring  gradually 
pushes  the  piston  back  again  over  the  opening  and  ends  the 
discharge. 

We  hâve  next  to  see  how  this  scheniatic  mechanism  explains 
the  reaction  of  the  living  transverse  section  of  the  nerve  with 
respect  to  excitation,  conductivity,  and  excitability,  and,  in  the  first 
place,  the  phenomena  and  laws  of  electrotonus.  This  explanation 
follows  simply  from  the  following  hypothetical  premiss  as  set  out 
by  Pflüger.  The  electrical  current  flowing  through  a portion  of 
the  nerve  alters  the  force  of  molecular  inhibition,  and  this  alone,  in 
a direct  sense,  with  no  immédiate  modification  of  potential  energy. 
The  effect  of  current  on  the  inhibitory  force  is  to  increase  it  in 
the  région  of  anelectrotonus,  and  diminish  it  in  that  of  katelectro- 
tonus,  i.e.  the  elastic  force  of  the  piston-spriug  increases  in  ail 
sections  of  the  cylindei’,  which  represent  anelectrotonised  sections 
of  the  nerve,  and  decreases  in  those  that  are  katelectro- 
tonised.  Turther,  in  the  anelectrotonic  région  the  inhibitory  force, 
i.e.  the  piston  B,  is  displaced  in  the  direction  of  the  arrow  cib, 
whereby  the  potential  energy,  i.e.  the  height  of  the  column  of  fluid 
at  BC,  increases,  while  in  the  katelectrotonic  région,  on  the  eon- 
trary,  the  piston  is  displaced  in  the  direction  cd,  so  that  potential 
energy  is  indirectly  diminished.  A positive  incrément  of  inhibi- 
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tory  force  is  tlierefore  the  indirect  cause  of  a positive  incrément  of 
potential,  and,  conversely,  a négative  incrément  of  the  one  tends 
to  négative  increase  of  the  other.  On  this  assumption  the  de- 
pression  of  excitability  in  the  anelectrotonised  parts,  and  its  rise 
in  such  as  are  katelectrotonised,  is  quite  intelligible  : the  greater 
elastic  force  of  the  inhibitory  spring  in  the  anelectrotonic  région 
involves  a greater  expenditure  of  force  in  order  to  push  back  the 
piston  to  the  opening  of  the  cylinder-sections,  than  in  the  normal 
State  ; the  diminished  energy  of  inhibition  in  the  région  of  kat- 
electrotonus  involves  less  force.  It  is  harder  to  explain,  first, 
how  with  low  intensity  of  polarising  current  an  excitation 
generated  at  any  transverse  section  can  be  transmitted  through 
katelectrotonised  as  well  as  anelectrotonised  tracts  in  the 
saine  way  as  through  the  nerve  in  the  natural  State  (and,  strictly 
speaking,  this  is  not  the  case), — so  that  the  stronger  excita- 
tion discharged  above  an  ascending  current  produces  a more 
vigorous  twitch  than  in  the  natural  State,  although  it  niust  be 
transmitted  through  the  anelectrotonised  parts,  which,  with  direct 
excitation,  give  less  response  : secondly,  how  it  is  that  at  a considér- 
able strength  of  polarising  current  the  anelectrotonised  parts  lose 
their  conductivity  also.  These  difficulties  were,  however,  surmounted 
by  Püüger.  The  conduction  of  excitation  set  up  at  any  transverse 
section  is  effected  by  the  expenditure  of  the  dynamic  energy 
discharged  at  the  seat  of  stimulation  upon  the  displacement  of 
molecular  inhibition  in  the  next  section,  the  energy  thereby 
released  in  the  second  section  displaces  the  molecular  inhibition 
in  the  next,  and  so  on.  The  molecular  inhibitions  are  less  easily 
displaced  in  the  anelectrotonised  parts  in  consequenee  of  the 
increased  elastieity  of  the  spring,  more  easily  displaced  in  the 
katelectrotonised  parts,  than  under  natural  conditions.  The  fact 
of  unaltered  conductivity  in  weak  electrotonus  therefore  indicates 
that  in  ail  conducting  sections  of  the  nerve,  the  magnitude  of  dis- 
placement of  the  moleeular  inhibitions  dépends  entirely  upon  the 
amount  of  dynamic  energy  set  free  at  the  directly-excited  trans- 
verse section,  and  is  proportional  with  the  same  in  every  section, 
irrespective  of  whether  the  displacement  of  inhibitions  is  facilitated 
or  hindered.  This  is  only  possible  if,  when  excitation  is  trans- 
mitted froin  one  section  to  the  next,  the  total  sum  of  dynamic 
energy  released  is  not  consumed  in  the  displacement  of  molecular 
inhibition  : such  a proportional  aliquot  part  only  being  required  as 
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sultices  for  the  extent  of  displaceinent  involved  by  the  streiigtli  uf 
stimulus,  viz.  a larger  proportion  iu  the  région  ot  auelectrotonus, 
where  displaceinent  is  less  easy  ; a snialler  amount  in  that  ol 
katelectrotonns,  where  it  is  facile.  l’ilüger  illustrâtes  this 
hypothesis  by  the  ligure  of  a wheel  turning  on  a horizontal 
axis,  its  révolutions  being  aided  or  hindered  by  the  greater  or 
less  pressure  of  a sliding  spring.  This  wheel  carries,  at  the 
peripheral  end  of  a horizontal  spoke,  a laterally-projecting, 
horizontal  paddle.  A thin  stream  of  water  falls  on  this  from 
above,  and  thus  presses  down  the  wheel,  until  the  paddle  is  pushed 
out  of  reach  of  the  stream  of  water.  The  proportion  of  the  falling 
stream  of  water,  i.e.  of  the  dynamic  energy  available,  required  by 
this  constant  révolution  of  the  wheel,  is  greater  in  proportion  as 
the  spring  presses  more  heavily  upon  the  wheel,  and  the  latter 
therefore  revolves  less  easily.  The  reason  that  the  anelectro- 
tonised  parts  lose  their  conductivity  in  pronounced  electrotonus 
would  accordingly  be  that,  in  conséquence  of  the  excessive  rise  of 
inhibitory  energy,  the  total  sum  of  active  energy  discharged  by  the 
stimulus  is  no  longer  adéquate  to  bring  about  the  corresponding 
displacement  of  molecular  inhibition,  just  as,  with  undue  pressure 
of  a spring  against  the  wheel,  the  whole  column  of  water  is 
inadéquate  to  move  the  paddle,  with  the  wheel,  beyond  its  reach. 

The  fundamental  law  of  electrical  excitation  at  the  pôles,  as  laid 
down  by  Pflüger,  whereby  the  commencement  of  katelectrotonns 
produces  the  closure  twitch,  the  disappearance  of  auelectrotonus 
the  opening  twitch,  is  explained  by  himself  as  follows,  upon  this 
theory.  The  coinmencing  auelectrotonus  reinforces  the  inhibitory 
energy,  and  therefore  displaces  the  piston  D of  the  schéma  in  the 
direction  of  the  arrow  ab,  driving  it  away  from  the  opening  of  the 
sluice  ; obviously  no  fluid  can  then  escape  from  the  opening  g.  On 
the  contrary,  the  streaming  out,  i.e.  the  conversion  of  potential  into 
active  energy,  is  now  even  less  possible  than  in  the  préviens  rest- 
ing  State  of  inhibition  ; it  is  therefore  impossible  that  excitation 
should  ensue  from  the  entry  of  auelectrotonus.  The  opposite  occurs 
at  the  région  of  the  kathode.  The  coinmencing  katelectrotonns 
diminishes  inhibitory  energy,  weakens  the  elastic  force  of  the 
piston  spring,  the  piston  is  pushed  by  the  overwhehning  hydro- 
static  pressure  in  the  direction  of  the  arrow  al,  the  mouth  by 
which  the  fluid  escapes  is  freed, — in  other  words,  there  is  a dis- 
charge of  potential  energy.  If  the  energy  lost  in  the  discharge 
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is  not  replacée!,  tlie  latter  eau  only  be  iustaiitaiieous  ; for  the  outtlow 
of  tiuid  reduces  the  hydrostatic  pressure  in  BC,  the  spring  once 
more  pushes  the  piston  D over  the  opening  ; there  could  only  he 
a monientary  elosure  twitcli.  But  if  the  potential  energy  given  off 
is  replacée!,  the  elischarge  will  also  continue,  like  the  outhow  of 
fluid,  provided  always  that  fluiel  is  poured  iuto  the  vertical  liinb 
of  the  cylineler  in  the  sanie  cjuantity  that  flows  ont,  i.e.  there  is 
elosure  tetanus.  The  opposite  relations  obtain  on  opening  the 
current.  At  the  moment  of  opening,  the  préviens  rise  of  inhilntory 
energy  in  the  région  of  anelectrotonus  returns  to  the  normal  ; 
potential  energy  then,  of  course,  prédominâtes,  displacing  the 
inhibition  in  its  own  direetion,  i.e.  in  the  line  of  the  arrow  cd. 
The  retreating  inhibitions,  however,  corne  to  rest  as  little  as  a 
pendulum,  on  again  reaching  the  equilibrium  from  which  they  were 
, driven  by  the  anelectrotonus.  They  go  slightly  beyond  it,  so  that 
the  mouth  g is  opened  for  a moment  for  the  discharge  of  the  fluid  ; 
tins  produces  the  opening  twitch.  It  is  obvions  that  no  potential 
energy  can  he  set  in  the  katelectrotonised  région,  when,  at  the 
moment  of  opening  the  current,  the  reinforced  elasticity  of  the  spring 
displaces  the  inhibitions  in  the  direction  of  the  arrow  ab,  i.e,.  there 
can  be  no  excitation.  The  hypothesis  based  on  the  phenomena 
of  the  law  of  contraction,  to  the  effect  that  the  elosure  of  a given 
current  excites  more  strongly  than  its  opening,  follows  as  the 
naturally  corollary  from  l’flüger’s  theory  of  discharge  ; for,  if  at 
the  elosure  of  the  current  the  inhibitions  at  the  anode  are  as  inucli  ' 
displaced  in  the  direction  ah  as  they  are  at  the  kathode  in  the 
direction  cd,  then,  at  opening,  the  inhibitions  in  the  anelectro- 
tonised  région  are  not  displaced  as  far  from  the  normal,  in  the 
direction  cd,  as  the  inhibitions  in  the  région  of  katelectrotonus  at 
elosure,  i.e.  there  cannot  be  the  saine  discharge  of  potential  energy. 
Tf  a rapid  succession  of  brief  electrical  currents  is  sent  into  tlie 
nerve,  the  apparently  continuons  tétanie  excitation  is  due  to  the 
continuons  alternating  discharge  of  energy  at  anode  and  kathode, 
which  persists  as  long  as  metabolisni  continues  adéquate  between 
every  shock  to  replace  the  energy  dissipated  in  the  last  shock. 
The  mechauics  of  the  law  of  contraction  are  thus  siniply  explained 
on  Bflüger’s  hypothesis. 

AVe  hâve  next  to  see  whether  it  can  account  for  the  after-cffects 
of  the  constant  current,  the  so-called  modifleations  of  the  nerve  as 
above  described.  We  bave  seen  that  a State  of  heightened 
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excitability  (positive  modification)  appears,  and  slowly  subsides,  in 
the  previously  anelectrotonic  portion  of  tlie  nerve,  on  opening  tlie 
current.  riiüger  takes  tbis  to  inean  tbat  the  action  of  the 
constant  current  weakens  the  energy  of  inolecular  inhibition, 
which  is  highly  probable,  seeing  that,  according  to  his  theory, 
the  current  acts  during  its  passage  upon  the  iidiibitory  forces,  but 
iiot  directly  upon  potential  energy.  The  weakened  inhibitory 
force  left  over  at  break  must  obviously  présent  less  résistance  to 
the  transformation  of  potential  into  active  energy  than  it  would 
on  resuming  the  proportions  normal  to  it  before  closure  of  the 
current  ; and  tins  explains  how  the  nerve  that  is  depressed  by 
current  cornes  to  be  more  excitable,  i.e.  apparently  invigorated. 
The  restitution  of  the  normal  inhibitory  forces,  as  gradually 
brought  about  by  metabolism,  explains  the  subsidence  of  the  positive 
modification.  The  brief  négative  modification  that  appears  in  the 
région  of  katelectrotonus  after  opening  the  current  is  explained  by 
Pflüger  as  a momentary  déficit  of  potential  energy,  and  this  again 
by  the  fact  that  katelectrotonus  (siqjra)  keeps  the  sluice  permanently 
opeu,  t.e. .causes  a continuous  outfiow  of  potential  energy. 

Lastly,  with  regard  to  the  after-effects  of  the  j)olarising  current, 
manifested  in  a more  or  less  prolonged  discharge  of  potential 
energy,  Pflüger  lias  shown  that  the  opening  tetanus  starts  from 
the  région  of  anelectrotonus;  tins  indicates  that  there  is,  on  opening 
the  more  sustained  curreiits  within  the  previously  anelectrotonised 
tract,  a persistent  discharge  of  potential  energy.  If  we  represent 
this  as  the  displacement  of  the  piston  by  the  reinforced  spring,  and 
assume  that  the  column  rises  so  much  under  the  action  of  the  water 
in  A,  that  the  piston  is  pushed  back  again  to  the  spiral  opening, 
there  will  be  then  a considérable  accumulation  of  water  at  A. 
If  the  elasticity  of  the  spring  is  suddenly  depressed,  the  column  of 
water  will  push  the  piston  far  back,  and  a greater  quantity  of 
water  will  fiow  for  a longer  time,  until  equilibrium  is  restored 
again.  This  process  corresponds  with  the  opening  tetanus. 

Pflüger’s  theory  thus  succeeds  in  presenting  the  main  phenomena 
of  electrical  excitation  of  nerve  under  the  figure  of  a complicated 
mechaiiical  schéma  : it  gives  no  real  explanation  of  theni.  It 
seemed,  however,  advisable  to  give  the  theory  in  detail,  seeing 
that  it  found  wide  acceptance.  Wliile  Pflüger  himself  developed 
his  hypothesis  independently  of  du  Bois-Peymond’s  inolecular 
theory,  Leinstein  attempted  later  to  establish  a direct  relation 
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between  theni  (28,  p.  52).  The  “ molecular  tension,”  i.e.  the 
potential  force  inhérent  in  eacli  molécule,  which  “ accumulâtes 
persistently  in  the  process  of  nutrition,”  is  identified  by  Bernstein 
with  the  electrical  E.M.F.  of  dii  Bois-Keymond’s  peripolar  molé- 
cules, as  neutralised  in  excitation,  with  corrélative  movements  of 
the  molécules.  “ The  tendency  in  the  latter  to  neutralise  their 
electrical  E.M.F.  is  opposed  by  an  inhibitory  force  (unknown  to 
us  in  its  intrinsic  nature),  which  prevents  any  movement  of  the 
imdecules  in  the  resting  state  ” (Pflüger’s  “ molecular  inhibition  ”). 
AVhether  this  is  the  resuit  of  friction,  of  elasticity,  or  of  both  is 
uncertain  ; there  is  a play  of  forces  “ which  tends  to  maintain 
the  components  of  the  molécules  {i.e.  the  peripolar  molécules 
formed  of  two  dipolar  bodies)  in  their  natural  position,  and  re- 
stores them  to  the  same  after  eaeh  alteration.”  Any  stimulus, 
of  whatever  Idnd,  “ disturbs  the  natural  position  of  the  molécules,” 
whereby  molecular  inhibition  is  interrupted,  and  there  is  neutral- 
isation of  the  electric  potential.  As  regards  electrical  excitation 
in  particular.  Bernstein  accounts  for  the  reinforcement  Gf  mole- 
cular inhibition  at  the  positive  pôle,  and  conséquent  decreased 
mobility  of  the  molécules  (diminished  excitability),  as  well  as  the 
lowered  inhibition  and  raised  mobility  (increased  excitability)  at 
the  négative  pôle,  by  the  attraction  or  repulsion  exerted  by  the 
polarising  électrodes  upon  the  peripheral  molécules  next  to  them. 
The  positive  electrode  fixes  these,  as  it  were,  in  their  place,  the 
négative  zones  being  turned  towards  the  pôle,  while  the  kathode, 
1)y  repulsion  of  the  same  zone,  renders  them  more  mobile.  This  is 
wliy,  at  closure  of  the  current,  excitation  proceeds  from  the  kathode 
only.  The  molécules  at  the  positive  pôle  remain  in  their  normal 
position  ; “ at  the  négative  pôle,  on  the  other  hand,  inhibition  is 
weakened,  the  exciting  energy  preponderates  and  causes  excita- 
tion.” On  opening  the  circuit,  inhibition  falls  suddenly  at  the 
jjositive  pôle,  and  the  increased  potential  energy  of  the  molécules 
is  now  discharged,  and  induces  excitation.  Electrotonic  altera- 
tions of  excitability,  and  other  phenomena,  receive  a similar 
interprétation. 

The  dictum  long  since  expressed  by  du  Bois-Beymond 
{Untersuclmngen,  II.  i.  p.  387),  to  the  effect  that  galvanic 
excitation  is  nothing  more  tlian  the  Jirst  stage  of  dcctrolysis  in 
excitable  tissues,  may  still  (though  in  a somewhat  different 
sense)  be  accepted  as  the  most  apt  theoretical  définition  of  the 
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physiological  action  of  cuiTent.  It  is  siiigular  that  it  sliould 
date  from  a time  at  whicli  the  law  of  polar  excitation  was  still 
unknown,  since  the  evidence  of  the  latter  again  tnrns  our 
thoughts,  alinost  involuntarily,  in  the  sanie  direction.  Von 
Bezold  expresses  himself  directly  in  this  sense  at  the  close  of 
lus  detailed  investigation  into  the  electrical  excitation  of  nerve 
and  muscle.  In  the  fact  that  “ the  molecular  process  of  excitation 
arises  with  such  regularity  at  and  during  closure,  and  on  opening 
the  current,  at  a definite  pôle,  and  not  in  the  whole  extension  of 
the  tract  through  which  the  current  is  passing,”  he  sees  evidence 
that  “ the  cxcitatory  action  of  the  galvanic  current  is  to  he  sought  in 
the  Chemical  effects  procluccd  hy  the  current  in  the  moist  conductor 
ndiich  it  traverses”  {Le.  p.  237).  He  recalls  the  antagonism  of 
the  polar  alterations,  and  Kühne’s  remark  that  a tract  of  muscle 
traversed  by  current  shows  coagulation  in  the  région  of  the  anode, 
and  corrosion  at  the  kathode,  as  well  as  Jtirgensen’s  experiments 
upon  the  cataphoric  action  of  the  current,  and  concludes  from 
ail  these  data  that  the  excitatory  process  is  nothing  .more  than 
an  effect  of  electrolysis  due  to  current.  “ Electrical  excitation 
vjould,  accordingly,  he  nothing  else  than  a definite  form  of  Chemical 
stiimdation — the  process,  like  that  of  the  génération  of  hydrogen, 
occurring  exclusively  at  the  négative  pôle,  during  closure  of  the 
current”  {l.c.  p.  328).  The  arguments  adduced  (by  von  Bezold 
in  particular)  to  show  that  the  process  of  excitation  is  dis- 
charged  at  the  kathode  during  the  entire  passage  of  the  current, 
are  obviously  quite  in  line  with  this  theory. 

The  greatest  advances  in  the  direction  indicated  came,  how- 
ever,  from  Hermann’s  electro-physiological  researches,  which  most 
of  ail  contributed  to  bringing  forward  the  Chemical  skie  of  function 
in  ail  these  vital  phenomena,  while  the  resolution  with  which  he 
attacked  du  Bois-Eeymond’s  molecular  theory  helped  to  remove 
one  of  the  greatest  hindrances  to  the  fruitful  development 
of  general  nerve  and  muscle  physics.  Hermann’s  law  of  the 
current  of  action  (to  the  effect  that  each  excited  part  is  négative 
to  parts  that  are  less  excited,  or  unexcited)  forms,  indeed,  with 
the  law  of  the  exclusively  polar  action  of  electrotonic  currents  in 
excitable  tissues,  the  l>asis  of  ail  modem  opinion  on  the  subject, 
and  gives  the  key  to  the  interprétation  of  a vast  number  of 
experimental  data.  Hering,  again,  like  Hermann,  bas  steadily 
maintained  that  ail  the  processes  in  excitable  living  matter  are,  in 
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first  degree,  to  be  regardée!  as  Chemical,  and  tliat  “ the  true 
Chemical  nature  of  vital  processes  must  not  be  overlooked  in 
their  pliysical  symptoms  ” (24,  p.  59).  Hering  bas  developed 
upon  the  most  general  grounds,  and,  as  it  were,  in  final 
conséquence  of  bis  physiology  of  the  senses,  a theory  of  the 
functions  of  living  matter  (more  particularly  under  electrical 
excitation),  which,  though  as  yet  little  recognised,  is  really  the 
most  comprehensive  expression  of  ail  the  data  relating  to  this 
department.  By  it  he  is  able  to  dérivé  and  to  explain  ail  facts' 
quite  simply  from  a few  fundamental  postulâtes  of  metabolism. 
Hering  starts  with  the  proposition  that,  when  a muscle  or  nerve 
is  longitudinally  traversée!  by  current,  the  excitable  substance  is 
altereel  in  an  opposite  sense  at  the  physiological  anode  and  kathoele  : 
more  correctly,  antagonistic  alterations  in  the  Chemical  state  of 
the  substance  are  set  up  at  the  two  pôles — since  at  ail  points  by 
which  current  enters  the  uninjureel  living  matter,  the  assimilcttory 
process  preponderates,  anel  (to  use  Hering’s  expression,  cf  p.  71  f) 
effects  an  “ allonomous  ascending  ” alteration,  while  dissimilation 
(disintegration)  prevails  at  the  collective  points  of  exit,  inducing 
“ allonomous  descending  ” alteration.  Every  excitation,  in  the 
ordinary  sense  of  the  word,  is  undoubtedly  characterised  by  the 
prédominance  of  the  dissimilatory  process,  it  being  immaterial 
whether  this  process  is  confined  to  its  seat  of  origin,  or  propagated 
further  by  conduction.  Under  ail  circumstances,  therefore,  the 
physiological  kathode  is  the  seat  of  excitation  lasting  throughout 
the  closure  of  the  current,  the  closing  excitation.  Hering’s 
account  of  the  processes  at  the  anode,  developed  as  the  corollary 
to  his  theory  of  visual  sensation,  is  less  obvions. 

“ Just  as  we  may  conçoive  of  external  stimuli  which  compel 
the  living  substance  to  vigorous  dissimilation,  so  othei’s  are 
conceivable  which  enforce  greater  activity  of  assimilation.  This 
increase  of  assimilation,  which  is  no  longer  purely  autonomous, 
and  is  not  balanced  by  corresponding  activity  of  dissimilation, 
modifies  the  living  matter  in  a direction  contrary  to  that 
described  above  as  ‘ hcloto  “par’  and  therefore  to  be  denoted  ‘ ahove 
par.’  At  the  close  of  such  excitation  the  living  matter  is  over- 
nourislied  ; its  disposition  to  assimilation  is  less  than  before,  in 
ratio  with  the  intensity  and  duration  of  stimulus,  and  tlie 
corresponding  prépondérance  of  allonomous  assimilation  over 
autonomous  dissimilation — the  disposition  to  dissimilation  is  pro- 
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portionately  greater.  Heiice,  at  close  of  excitation,  autonomons 
dissimilation  preponderates  over  autonomons  assimilation,  and 
tlie  living  matter,  owing  to  its  graduai  dépréciation,  returns  to 
par”  {Le.  p.  39).  The  effect  of  the  anode  npon  muscle  and  nerve 
is,  according  to  Hering,  to  be  regarded  as  a similar  assiniilatory 
stimulus.  If,  e.g.,  the  living  matter  had  previously  been  at  par, 
and,  therefore,  in  autonomons  equilibrium  between  D and  A,  it 
lises  above  par  at  the  point  where  the  current  enters.  When 
the  current  ceases  to  Ilow,  there  is  a corresponding  autonomons 
down  change  at  the  point  of  entrance,  which  is  the  more  rapid  in 
proportion  as  the  substance  bas  risen  above  par  during  the 
préviens  “np”  ehange.  Thus,  the  point  of  entrance  may  become 
the  starting-point  of  a second  excitation  (“  opening  excitation  ”) 
spreading  over  the  fibre.  At  the  point  of  exit,  on  the  contrary, 
there  is  an  autonomons  np  change  on  breaking  the  current, 
provided  this  point  lias  not  been  seriously  injured  by  the  préviens 
action  of  the  current,  or,  generally  speaking,  disturbed  in  its 
assiniilatory  conditions. 

“ Silice  a rapid  allonomons  ‘ down  ’ change  oecurs  during  the 
passage  of  current,  at  the  point  of  exit,  this  point  is  négative  to 
the  rest  of  the  fibre  (in  so  far  as  the  latter  is  not  in  transmitted 
‘ excitation  ’)  ; while  the  point  of  entrance,  in  conséquence  of 
localised  allonomons  ‘ up  ’ change,  gives  the  opposite  reaction. 
This  causes  an  internai  current  in  the  fibre,  opposed  in  direction 
to  the  led-in,  foreign  current.  This  internai  eurrent  weakens  the 
loreign  current.  It  lias  been  termed  a ‘ polarisation  current.’ 
But  inasmuch  as  it  is  a pliysiological  heterodromous  current,  an 
intrinsic  vital  manifestation,  it  must  be  rigorously  distinguished 
from  those  polarisation  currents  which  are  not  properly  physio- 
logical,  since  they  do  not  arise  from  the  up  or  down  changes  in 
the  living  substance  that  occur  at  the  j)oints  where  current  enters 
or  leaves  it;  for  heterodromous  currents  may  also  appear,  with 
artificial  excitation,  in  dead  tissues,  or  parts  that  are  no  longer 
intrinsically  excitable  in  the  still  living  organ. 

“ Given  normal  activity  of  living  matter,  an  autonomons  down 
change  may,  as  we  hâve  seen,  appear  at  the  anode,  on  opening 
the  foreign  current — this  point  being  now  négative  to  the  rest  of 
the  filire,  in  so  far  as  the  latter  is  not  nndergoing  progressii'e 
deseending  alteration  ; while  the  kathode  becomes  positive  to  the 
rest  of  the  fibre,  in  virtue  of  an  autonomons  ‘ up  ’ change.  A 
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physiological  current  is  thiis  developed  in  tlie  fibre,  in  the  same 
direction  as  the  opened  foreign  ciirrent.  Tins  physiological 
current  may  be  ternied  liomodromous,  in  contradistinction  to 
that  previously  defined  as  heterodromous.  It  appears  the  more 
certainly  in  proportion  as  the  substance  is  more  energetic  ; and  the 
less  the  vital  processes  are  affected  by  the  foreign  current,  the 
more  rapidly  will  the  allononious  alterations,  induced  by  the  latter 
(after-efïect  of  excitation),  disappear,  and  the  opposite  autonomous 
changes  develop,  when  it  is  broken.  The  homodrornous  physio- 
logical current  is  more  or  less  likely  to  be  disturbed  by  complica- 
tion with  physical  polarisation  currents,  heterodromous  to  the 
foreign  current. 

“ If  a foreign  current  is  led  through  the  central  portion  of  a 
medullated  nerve,  the  points  by  which  it  enters  and  leaves  the 
excitable  matter  spread  far  beyond  the  contacts  of  the  physical 
électrodes.  So  far  as  these  points  of  entrance  and  exit  extend, 
there  is  correlatively  with  the  distribution  of  the  Unes  of  current 
a purely  physical  ‘ an-  and  katelectrotonus,’  as  may  be  de- 
monstrated,  e.g.  on  a dry  hollow  stalk  of  grass  without  internodes, 
or  on  a bundle  of  the  same  stalks  that  hâve  been  lying  for  some  ; 

time  in  distilled  water,  or  weak  alcohol,  and  are  then  moistened  | 

externally,  and  saturated  internally,  with  sait  solution.  Froin 
this  wide  distribution  in  the  excitable  substance  (axis-cylinder)  of 
the  nerve,  of  the  collective  points  at  which  the  foreign  current 
enters  and  leaves  it — i.e.  the  physiological  anode  and  kathode 
proper — those  ‘ up  ’ and  ‘ down  ’ changes  develop  respectively  in 
the  nerve,  which  are  fundamental  to  physiological  electrotonus 
(rfiüger).  Both  down  and  up  change  may,  after  closure  of  the 
foreign  current,  be  transmitted  along  the  nerve  beyond  the  tracts 
altered  in  a kathodic  (négative)  or  anodic  (positive)  sense  by  the 
direct  action  of  the  current,  so  that  fugitive  alterations  may  occur 
even  at  very  remote  parts  of  the  fibre,  as  expressed  in  its  electro- 
motive  reactions.  On  breaking  the  foreign  current,  an  opposite 
alteration  takes  place  at  the  points  of  entrance  and  exit,  with 
corresponding  changes  in  the  living  matter,  i.c.  autonomous 
descending  or  ascendiug  alterations  respectively.  The  two  points  ? 
hâve  interchanged  their  parts  ; the  ascending  alteration,  character- 
istic  of  physiological  anelectrotonus,  now  appears  at  the  former  ; 
kathode,  tlie  descending  alteration,  significant  of  physiological 
katelectrotonus,  at  the  former  anode. 
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“ lii  non-medullated  uerve,  e.(j.  olfactorius,  and  in  nmscle, 
where  the  excitable  substance,  unlike  medullated  nerve,  bas  no 
iinperfectly-conducting  sheath,  tbe  characteristic  diffusion  of 
entrance  and  exit  points  is  wanting.  The  electrical  phenomena 
which  dépend  upon  tliis  diffusion  (due,  in  the  first  place,  to  rela- 
tions of  conductivity),  together  with  the  physiological  local  con- 
séquences of  the  sanie,  are  accordingly  absent.  On  the  other 
hand,  the  phenomena  caused  by  transmission  of  the  ascending  or 
descending  alteration  induced  at  the  anode  or  kathode  of  the 
foreign  current  are  more  or  less  plainly  exhibited  both  in  non- 
medullated  nerve  and  in  muscle-fibre. 

“ If  a tract  of  uerve  bas  been  traversed  for  some  time  by  a 
foreign  current,  and  the  current  is  then  reversed,  the  excitable 
matter  at  the  point  of  exit  (i.e.  former  point  of  entrance)  will  be 
absolutely,  or  relatively,  above  par,  and  thus  has  a greater  dis- 
position to  ‘ down  ’ change  ; the  current  accordingly  produces  a 
more  rapid  descending  alteration  thaii  would  otherwise  be  the 
case  (Volta’s  alternative). 

“ ]\Iuscle-fibre,  as  compared  with  nerve-fibre,  has  the  greàt 
advantage  of  expressing  the  excitation  due  to  descending  altera- 
tion, by  change  of  form  of  the  part  affected  ; while  a foreign  current 
can,  moreover,  enter  and  leave  at  the  natural  ends  of  the  fibres. 
In  the  latter  case,  the  allonomous  change  which  occurs  on  closure 
at  the  point  of  exit  is,  in  the  first  instance,  transmitted  along  the 
fibre,  but  when  the  closure  twitch  has  expired,  it  persists  only 
near  the  point  of  exit  during  closure  (^'persistent  katliodic  con- 
traction), and  steadily  decreases.  Meantime,  the  autonomous  up 
change  continues  at  the  point  of  entrance,  and  may  raise  the 
living  matter  considerably  above  par,  given  adéquate  strength  and 
duration  of  current.  At  break  there  will  accordingly  be  an 
autonomous  down  change,  which,  if  sufficiently  rapid,  may  pro- 
dnee  an  openinrj  hoitcli,  or  persistent  openinej  contraction,  near  the 
point  of  entrance.  Even  when  this  autonomous  down  change  is 
so  weak  that  no  visible  alteration  of  form  can  be  detected  in  the 
muscle,  it  may  express  itself  in  the  physiological  homodromous 
current  {siqwa),  which  appears  on  connecting  the  anodic  end  with, 
e.r/.,  the  centre  of  the  muscle. 

“ Autonomous  ascending  alteration  cannot  always  be  demon- 
strated  at  the  point  of  exit,  on  breaking  the  internai  current, 
because  the  autonomous  assimilation  of  the  living  matter  in  excised 
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muscle  is  too  slow  and  inadéquate  a process — as  was  pointed  f)ut 
above.  Yet  in  favourable  cases  the  autonomous  up  change  is 
exbibited  in  a pliysiological  homodromous  cun-ent,  tliat  makes  its 
appearance  at  break,  if  the  now  katliodic  end  of  the  muscle  is  put 
in  circuit  with  the  centre  of  the  muscle. 

“ The  fact  that  muscle-,  like  nerve-fibre,  fails  to  react  to  trans- 
verse passage  of  current,  obviously  signifies  that  living  matter  is 
not  intrinsically  the  same  living  continuum  in  the  transverse  as  in 
the  longitudinal  direction  ; as  appears  from  optical  polarisation 
phenomena,  and  from  the  relations  of  elasticity.  The  failure  in 
reaction  is  perhaps  due  to  the  fact  that  the  antagonistic  points  at 
which  the  current  leaves  and  enters  are  too  closely  approximated 
in  the  structural  éléments  traversed  at  right  angles  by  the  current. 

“ When  a strong  foreign  current  has  been  flowing  longitu- 
dinally  through  an  uninjured  muscle  for  so  long  that  the 
persistent  katliodic  contraction  has  already  expired,  the  persistent 
anodic  contraction  {sîqora)  will  appear  when  the  current  is  broken, 
and  may  extend  over  a large  tract  of  the  muscle,  and  last  for  a 
considérable  period.  If  the  current  is  then  closed  again,  it  will 
act  as  an  inhihitory  stimulus  on  the  contracted  muscle,  which  at 
once  relaxes  completely.  The  anodic  stimulus  of  the  foreign 
current,  which  tends  to  upward  alteration  in  the  substance,  now 
Works  against  the  rapid  autonomous  down  change  that  prevailed 
after  break  at  the  point  of  entrance,  and  substitutes  an  up  change. 
Owing,  however,  to  the  previous  exhaustive  allonomous  descending 
alteration,  there  is  not  inevitably  a new  closure  contraction  at 
the  point  of  exit. 

“ J ust  as  the  persistent  opening  contraction  of  a muscle  may 
be  inhibited  by  renewed  closure  of  the  current,  another  contraction 
depending  on  autonomous  down  change  may  be  inhibited  by  the 
action  of  an  anodic  current.  If,  just  at  the  beginning  of  systole, 
a stronger  current  is  sent  in  through  one  brush-electrode,  the 
point  of  which  rests  upon  the  frog’s  heart  (exposed  with  uninter- 
rupted  circulation),  while  the  other  electrode  forms  contact  with, 
c-y.,  the  skin  of  the  throat,  a more  or  less  extended  diastole  of  the 
heart-wall,  starting  from  the  point  where  the  current  enters,  will 
make  its  appearance.  The  commencing  autonomous  down  change 
is  immediately  converted,  by  the  anodic  action  of  the  current, 
into  an  allonomous  up  change,  and  the  relaxed  part  of  the  cardiac 
Wall  swells  ont  freely  in  conséquence  of  blood  - pressure.  The 


X 


ELECTROMOTIVE  ACTION  IN  NERVE 


333 


coutrary  effect  appears  wheii  curreut  leaves  tlie  lieart  Ijy  tlie 
brush-electrode.  If  closure  occurs  at  the  beginning  of  the  general 
diastole,  a new  systole  will  at  once  appear  at  the  point  of  exit 
{kafhoclic  closure  contraction). 

“ If  tlie  curreut  is  left  undisturbed  for  some  tiine  in  this 
last  direction,  and  is  tlien  opened  during  a general  diastole,  the 
Wall  of  the  heart  near  the  brush-electrode  will  not  take  part  in 
the  ensuing  systole,  owing  to  the  niarked  autononious  up  change  ; 
it  remains  diastolically  relaxed,  and  the  systolic  pressure  of  the 
blood  causes  the  relaxed  point  to  swell  ont  considerably.  This 
is  the  kathoclic  opcning  inhibition,  which  thus  expresses  itself  in 
precisely  the  saine  way  as  the  anodic  closure  inhibition  above 
described,  and  cannot  be  viewed  as  a niere  fatigue  effect.  If,  on 
the  contrary,  curreut  enters  the  wall  of  the  heart  for  a prolonged 
period  by  the  brush-electrode,  a contraction  appears  immediately 
after  it  is  broken,  in  the  proxiniity  of  its  point  of  exit.  This 
contraction  niay  even  be  more  pronounced  than  the  natural  sys- 
tolic contraction,  as  appears  externally  from  the  paler  colouring 
of  the  heart-wall.  This  is  the  anodic  opcning  contraction  derived 
from  autonomous  descending  alteration,  the  analogue  of  the 
kathodic  closure  contraction  described  above,  which  dépends  upon 
allonomous  descending  alteration. 

“ The  anodic  opening  contraction  and  kathodic  opening 
relaxation  are  fundamentally  analogous  with  the  phenomena  of 
successive  contrast,  as  observed  in  other  living  substances,  and 
are  as  little  as  these  to  be  referred  to  a mere  fatigue  effect.” 

In  contrast  with  this  straightforward  exposition,  the  “ modified  ” 
molecular  theory  recently  (in  1888)  advanced  by  Bernstein  (52) 
is  unsatisfactory,  in  spite  of  its  elaborate  detail.  It  starts,  more- 
over,  with  certain  postulâtes  that  are,  at  least,  doubtful.  In 
the  hrst  place,  it  is  held  necessary  to  conçoive  the  living  libres  (in 
muscle  and  nerve)  as  consisting  of  longitudinal  sériés  of  molé- 
cules, looped  together  at  the  natural  transverse  section  of  the 
muscle  (tendon-end),  and  “ polarisable  in  the  huid  which  contains 
them,”  altliough,  on  account  of  their  close  juxtaposition  longitudin- 
ally,  such  polarisation  can  only  take  place  “ at  the  free  surface  ” 
of  the  row  of  molécules.  By  this  hypothesis  (which  lie  believes 
to  be  conlirmed  by  the  inexcitability  of  the  artificial  cross-section 
of  a muscle  to  curreut),  Bernstein  explains  the  inexcitability  of 
the  tissues  in  question  to  transverse  passage  of  curreut,  since  it 
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is  iiicoiiceivable  that  there  should  be  reciprocal  neutralisation  of 
anodic  and  katbodic  polarisation,  unless  the  two  ions  are,  so  to 
speak,  in  immédiate  juxtaposition.  Is  it,  however,  so  impossilde 
that  the  two  polarisations  sbould  neutralise  tlieir  respective 
action  upon  the  living  matter,  when  tliey  merely  arise  at  either 
border  of  a visible  fibril  ? Bernstein  further  supposes  that  lus 
sériés  of  molécules  behave  in  regard  to  spatial  distiibution  of 
polarisation  exactly  like  Hermann’s  core-model,  or  the  équivalent 
medullated  nerve-fibre,  and  he  refers  the  excitation  at  closure 
and  opening  of  the  current  solely  to  the  appearance  of  négative 
and  disappearance  of  positive  ions  within  the  collective  molécules 
of  the  living  matter  under  the  electrode — a view  that  recalls  the 
electrolytic  theory  of  v.  Bezold,  where  electrical  excitation  is 
explained  by  (or  at  any  rate  referred  to)  Chemical  stimulation 
from  the  separated  ions. 

It  is,  however,  under  any  circumstances  difficult  to  explain 
the  opening  excitation,  as  also  the  alterations  of  excitability 
that  occur  during  the  passage  of  current,  by  a purely  Chemical 
theory  of  electrical  stimulation,  and  Bernstein  was  compelled  to 
lay  down  further  postulâtes  as  to  the  nature  and  behaviour  of 
the  liberated  ions.  These  are  : — 

(i.)  The  négative  ion  at  the  kathode  (oxygen,  or  an  oxygenated 
element)  is  the  cause  of  the  closing  excitation. 

(ii.)  This  ion  is  constantly  reduced  by  a Chemical  process,  in 
ratio  with  the  mass  in  which  it  is  developed. 

(iii.)  The  positive  ion  at  the  kathode  produces  no  excitation  ; 
it  is  not  therefore  reduced,  but  accumulâtes. 

(iv.)  The  internai  polarisation,  more  particularly  at  the  anode, 
neutralises  the  current  in  the  excitable,  polarisable  conductor, 
save  for  a proportionate  remainder — provided  the  polarisation 
is  not  maximal. 

The  active  oxygen  separated  off  from  the  excitable  molécules 
at  the  région  of  the  kathode  tears  apart  the  labile  molécules  by 
its  oxidising  action,  whereupon  the  intramolecular  oxygen  also 
cornes  into  play  and  induces  excitation.  The  alterations  of 
excitability  during  polarisation  are  taken  by  Bernstein  to  mean 
that  the  molécule  charged  with  négative  ions  (oxygen)  is  more 
easily  split  up,  that  charged  with  positive  ions  less  easily  ruptured 
than  the  unaltered  molécules.  More  particularly  in  the  kathodic 
région,  throughout  the  closure  of  the  current,  there  is  a slow  but 
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constant  development  of  oxygen,  along  witli  its  steady  réduction 
by  the  oxidisable  gronps  of  atoms  of  tlie  excitable  molecnles. 
“ With  weaker  cnrrents  this  process  is  not  intensive  enongh  to 
liberate  the  intramolecnlar  oxygen  to  any  appréciable  extent, 
and  thns  transmit  it  as  excitation.  In  principle,  however,  it  is 
co-signifîcant  with  excitation,  since  there  is  a constant  discharge 
of  potential  energy.  The  molecnle  is  thereby  thrown  into  a state 
of  more  labile  eqnilibrinm,  since  the  freed  oxygen  slackens 
its  constitution,  i.e.  increases  its  excitability  ; the  intramolecnlar 
oxygen  is  thereby  more  readily  liberated  by  any  stimulus.”  With 
the  exception  of  these  spécial  views  in  rc  the  Chemical  process  at 
the  kathode,  and  its  localisation  in  definitely  arranged  and  pre- 
formed  “ molecnles,”  Hering’s  theory  conforms  to  that  of  Bernstein 
in  so  far  as  both  assume  a constant  discharge  of  energy, 
or  broadly  speaking,  in  other  words,  a prédominance  of  tlie 
dissimilatory  process  over  simiiltaneons  assimilation  throughout 
the  kathodic  région  ; i.e.  both  théories  fall  within  the  range  of 
the  preceding  experiments. 

Bernstein  also  lias  detailed  views  with  regard  to  the  processes 
at  the  anode.  “The  positive  ion  liberated  from  the  sériés  of 
molecnles  lias,  of  course,  opposite  Chemical  properties  to  those  of 
the  active  oxygen  at  the  kathode.”  Accordingly,  there  is  no 
excitation  at  closure  of  the  current.  Bernstein  assumes,  with 
regard  to  the  simultaneous  dépréssion  of  excitability,  that  “ the 
positive  ion  enters  into  moleciilar  relations  with  the  excitable 
molecnles  of  the  fibre,  and  thereby  renders  the  constitu-tion  of  tlie 
molecnle  more  solid.”  We  may  thereby  conceive  “ the  positive  ion 
as  an  oxidisable  compoiient  of  the  gronps  of  atoms  in  the  molé- 
cule, the  intramolecnlar  oxygen  being  in  conséquence  more 
firnily  linked  with  them  as  au  electro-negative  element.”  Here, 
again,  it  is  interesting  to  note  the  similarity  of  views  between 
Bernstein  and  Hering,  as  to  the  cause  of  the  discharge  of  an 
opening  excitation.  According  to  Pflüger’s  theory  as  given 
above,  anelectrotonus  is  a state  in  which  there  is  accumnlation  of 
potential  energy  corresponding  with  the  increased  molecular 
inhibition.  This  is  interpreted  by  Bernstein  to  mean  that  “not 
merely  is  there  a firnier  comljinatiou  of  the  intramolecnlar 
oxygen,  but  that  a greater  qnantity  of  it  can  be  assimilated  by 
the  molecnle.  Anelectrotonus  therefore  implics  a 'process  of  con- 
stant assimilation,  wliile  the  opposite  process  occurs  in  katelcctrotonus.” 
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At  break  “ there  is  a suclden  depolarisation,  whereupon  the  positive 
ion  at  the  kathode  disappears.  The  firiner  eonilnnation  of  intra- 
nioleciilar  oxygen  suddenly  lireaks  down,  and  as  the  molécule 
had  during  the  passage  of  the  curreut  collected  an  over-charge 
of  tlie  saine,  which  it  is  no  longer  able  to  hold,  tins  portion  is 
liberated,  and  causes  a rupture  of  the  molécule,  co-significant  with 
excitation.”  Without  going  more  closely  into  details  of  the 
explanation  of  opening  tetanus,  and  the  modifications  of  excita- 
bility  at  break,  it  may  be  stated  that  on  tliis  theory  the  in- 
efficacy  of  transverse  passage  of  current  is  explained  as  meaning 
“ that  the  positive  ion  looks  each  excitable  molécule  in  the  saine 
degree  in  which  the  négative  ion  slackens  it.  The  liberated 
négative  ion  is  therefore  unable  to  combine  with  the  oxidisable 
groups  of  atoins  of  the  molécule,  and  remains  stationary.”  This  is 
not  the  place  to  enter  further  into  Bernstein’s  elaborate  account  of 
the  possible  constitution  of  bis  hypothetical  molécules.  He  sup- 
poses them  to  consist  of  N-containing  nuclei,  longitudinally  linked 
w-ith  atoms  of  O,  while  the  fx’ee  superficies  is  set  with  oxidisable 
groups  of  atoms  that  are  rich  in  C and  free  of  IST.  These  last 
react  towards  the  nucléus  as  electro-positive  charges,  while  the 
“ assimilated  ” combining  O appears  at  the  artificial  cross-section 
as  the  electro-negative  charge  of  the  nucléus  (cf.  Fig.  111).  The 
ions  of  molécules  are  not  therefore  polarisable  in  the  previous 
sense,  “ but  are  already,  in  their  normal  State,  charged  with  certain 
ions,  as  though  polarised  by  a foreign  current.”  We  bave  else- 
where  shown  that  Bernstein  tries  to  explain  ail  galvanic  mani- 
festations in  nerve  and  muscle  by  this  “ clectro-ckemical  molccular 
theoryr  Yet  it  may  be  doubted  whether  these  profound  spécula- 
tions as  to  the  structure  of  the  molécules,  and  the  constitution  of 
living  matter,  are  a better  foundation  for  a comprehensive  theory 
of  the  corrélative  manifestations  than  the  straightforward 
propositions  which  Hering  dérivés  solely  from  lacts,  and  from 
the  fundamental  laws  of  metabolism.  And  as  Bernstein 
reniarked  of  du  Bois-Beymond’s  molecular  theory,  that  it  gave 
no  further  outlook  on  the  mechanical  and  electrical  sides,  unless 
a very  one-sided  view  of  the  constitution  of  living  matter  were 
adopted,  so  many  will  not  fail  to  say  the  same  of  his  own  “ electro- 
cheniical  molecxilar  theory.” 

In  conclusion,  a word  must  be  said  as  to  the  prevailing 
théories  of  the  nature  of  condnctivity  of  excitation,  in  which,  as 


X 


ELECTROMOTIVE  ACTION  IN  NERVE 


337 


Hernianu  showed,  the  electromotive  action  of  the  couductiiio- 
tissues  is  perhaps  of  the  first  importance.  In  view  of  the  fact 
that  muscle  as  well  as  nerve  can  be  excited  by  its  own  démar- 
cation current,  as  well  as  by  the  current  of  action  of  a second 
préparation,  provided  tlie  conditions  of  sbort-circuiting  are  other- 
wise  favourable,  it  is  prima  fade  not  improbable  that  the  internai 
sbort-circiutmg  of  the  action  current  may  be  an  essential  factor 
111  the  wave  of  négative  excitation  (or  contraction)  also. 

If  with  Hermann  {Handh.  d.  Physiol.  i.  1,  p.  256,  and  ii.  1, 
p.  194)  we  consider  the  galvanic  action  of  any  excited  point  with 
reterence  to  its  environment,  tins  is  found  (as  shown  by  Fio-. 
221,  E)  to  consist  in  the  “initiation 
of  minor  currents  in  its  immédiate 
vicinity,”  which  are  sbort-circuited 
within  the  indifferently  conducting 

sheatb  of  the  electromotive  tract.  _ 

As  in  the  immédiate  proximity  of  schéma  of  currents  iu  the 

an  aitlhcial  cross-section,  numerous  point  of  fibre.  (Hennann.) 
lines  of  current  find  exit  on  both  sides  of  the  excited  segment 
at  the  non-excited  surface,  and  eventually  effect  an  excitation 
there,  while  at  the  excited  point  itself  there  is,  on  account  of  the 
ingoing  hnes  of  current,  a tendency  to  alteration  in  the  opposite 
sense.^  Hermann  makes  express  reference  to  the  presumably 
ngh  intensity  of  these  minute  currents,  in  which  the  short- 
circuiting  hnes  are  microscopie,  so  that  the  résistance  is  practically 
neghgible.  It  is  évident  that  a progres.sive  wave  of  excitation 
may  well  be  produced  in  tins  way. 
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The  Action  of  Nerve  upon  Muscle 

opens  out  a further  question,  which  has  as  yet  found  no  solution 
Xotwithstanding  the  fact  that  muscle  possesses  the  same 
incependent  excitability  as  nerve,  and  as  living  protoplasm  in 
general,  the  excitation  of  striated  and  smooth  muscle  occurs.  in 
the  majority  of  cases,  indirectly  from  the  nerve.  The  actual 
process  of  transmission  is  thus  unknown  to  us,  seeing  that  muscle 
cannot  forthwitli  be  regarded  as  a prolongation  of  the  nerve 
surrounded  with  contractile  substance,  although  this  view  has 
been  advanced  on  several  sides.  Here,  as  elsewhere,  it  is  seen 
how  the  physiological  conception  of  a process  may,  aecording  to 
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circuinstances,  be  afïected  by  the  prevailing  knowledge  of  the 
morphology  of  the  substrate.  Appréciation  of  the  intimate  rela- 
tion between  structure  and  function  of  an  element  bas  not  always 
been  as  apt  as  could  be  desired,  and  as  is  indispensable  to  the 
fruitful  development  of  knowledge.  The  strong  pbysical  bias 
obtaining  in  inany  niinds  bas  obscured  the  perception  tbat  it 
profits  little  to  substitute  general  theory  and  bypothesis  for  the 
certain  facts  of  histological  investigation.  Now,  indeed,  it  is 
universally  accepted  that  histology  and  physiology  are  not  two 
independent  departments  of  science,  but  are,  on  the  contrary, 
intiniately  correlated,  each  inspiring  and  attracting  the  other. 
Physiology  is  as  much  concerned  with  histological  data  as  with 
those  deriving  from  pbysics  and  chemistry.  It  is  almost  super- 
fluous  to  refer  to  the  recent  developments  of  the  cell  theory,  or 
to  the  importance  attaching  to  microscopie  methods  in  general 
muscle  and  nerve  physiology,  and  in  the  theory  of  sécrétion. 
The  fundamental  significance  of  an  anatomical  knowledge  of 
structure  to  the  right  interprétation  of  function  lias  always  been 
recognised  for  the  motor  nerve  - endings,  and  for  the  electrical 
organs  to  be  described  below. 

Doyère,  in  1840,  was  the  first  to  observe  on  a micro- 
scopie arthropod,  the  much-discussed  Milnesium  tarcligrachvm , 
that  the  five  filaments  of  nerve  entered  the  muscle -fibres, 
and  apparently  terminated  in  a conical  swelling.  The  motor 
nerve -endings  in  striated,  skeletal  vertebrate  muscle  subse- 
quently  attracted  most  attention,  on  the  one  hand  from  purely 
technical  reasons,  because  it  was  easier  to  follow  the  more 
coarsely-grained  medullated  fibres  to  their  extreme  termination, 
on  the  other  from  the  possibility  of  here  approaching  the 
question  from  its  physiological  aspect.  Frog- muscle,  with  its 
nerves,  lias  thus  been  the  prominent  if  not  the  sole  object  of 
ail  experiments  in  nerve  and  muscle  physiology.  Without 
entering  into  the  history  of  the  question,  we  need  only  remark 
that  at  the  présent  time,  thanks  to  innunierable  researches,  more 
particularly  those  of  Kühne  (53),  it  must  be  regarded  as  certain 
that  every  striated  muscle  of  a vertebrate  possesses  one  or  more 
distinct  nerve-endings,  the  structure  of  which  is  essentially  similar. 
When  the  medullated  fibre,  usually  after  frequent  bifurcation, 
pénétrâtes  into  the  muscle-fibre,  its  sheath  of  Schwann  coalesces 
with  the  sarcolemma,  the  axis-cylinder  alone  passing  through  to 
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reach  the  contractile  substance  ; the  medullary  slieath,  as  a rule, 
terminâtes  shortly  before  tlie  definite  ending.  Stress  mnst  be 
laid  npon  the  much-disputed  fact  of  the  passage  of  the  axis- 
cylinder,  since,  admitting  certain  preinises  as  to  the  nature  of  the 
propagation  of  a stimulus,  the  sarcolemma  would  offer  no  absolute 
hindrance.  The  axis-cylinder  seldom  remains  entire,  hut  exhibits 
a moie  oi  less  copions  arborisation  (Kühne’s  tevniinal  aThorisation') , 
hypolemmal  in  situation,  and  occurring  according  to  two  types, 
{a)  in  amphibia  (Fig.  222),  (h)  in  reptiles,  birds,  and  mammals.’ 
The  former  présents  tolerably  straight,  rounded,  or  flattened 
terminal  branches,  running  parallel  with  the  axis  of  the  muscular 
tibie  , these  extend  widely  lor  some  little  distance  close  under 


Fig.  222.— Arborisation  froin  frog’s  gastrocuemius.  (Kühne.) 

the  sarcolemma,  and  always  end  distinctly  in  a blunt  point. 
Here  and  there  they  bear  long,  oval  nuclei,  which  Kühne  termed 
end-buds.  In  contrast  with  these  “ branches  ” are  the  “ plates  ” 
of  other  vertebrates,  where  the  rami  take  a bending  and  intricate 
course,  or  form  laminai,  lobed  expansions  within  a small  circulai- 
01  oval  field  of  innervation,”  that  rarely  comprises  the  whole 
muscle-fibre  (Figs.  223-225).  It  is  characteristic  of  these  “end- 
plates  ” that  they  nearly  always  présent  a more  or  less  conspicuous 
accumulation  of  finely-granulated  substance  set  with  nuclei 
(sarcoplasm),  within  which  are  embedded  the  ramifications  of  the 
axis-cylinder  (Kühne’s  “ Fig.  224).  In  the  branched 

form  this  “ granulosa  ” is  seldom  perceptible,  while  in  the  plates  it 
is  frequently  well-developed  and  appears  in  profile  as  a projectiim 

expansion,  corresponding  with  Doyère’s  expansion  in  insect-muscle 
(Fig.  225). 
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The  motor  nerve-eudings  in  hshes  differ  in  several  respects. 
Along  witli  such  as  correspond  completely  with  the  “ end-plates  ” 
of  the  higher  vertebrates  {MyxÀne,  Raja  ; cf.  lietzius,  53),  there  are 
in  the  saine  species  a proportion  of  much  simpler  forms,  in  which 
the  axis-cylinder  is  little  if  at  ail  bifurcated,  after  losing  the 


c 

Fio.  223. — End-jiliites  from  muscle-fibre  of  rabbit  (a),  guinea-pig  (c),  rat  (f>).  Gokl  preiïarations. 

(Kühne.) 


mednllary  sheath,  and  lies  simply  along  the  muscle-fibre,  where 
it  is  visible  as  a very  large  nuinber  of  knotty  varicosities  (“  end- 
discs”  of  Hetzius).  Certain  ainphibians  and  the  higher  vertebrates 
also  présent  innunierable  transitions  from  the  simplest  forms  of 
ending  to  the  niost  complicated  “ branches  ” and  “ plates.”  It  is 
remarkable  that  a particuhir  type  of  nerve-ending  is  sonietinies 
confined  to  one  muscle,  or  group  of  muscles,  in  the  same  animal. 
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lu  the  eye-iiiuscles  ot  tbe  fi’og,  the  predouiiiiatiiig  uerve-eiiclings 
recall  the  simpler  types  of  low  amphibians  {Froteus)  and  bshes 
(Eetzius,  Le.).  The  conti'ast  between  eye-miiscles  and  skeletal 
muscles  in  niaininals  is  in  tins  respect  even  more  striking  (cf. 


Fig.  224.-End-plate.s  (fresh)  of  Lwerta  agilis-in  0'6  % NaCl.  Expansion  with  nuclei. 

Eetzius,  l.c.  p.  48).  While  the  former  invariably  exhibit  charac- 
teiistic  end-plates,  the  latter  présent  terminal  arborisations  which 
vary  in  a marked  degree  from  the  ordinary  type,  and  again  re- 


Fio.  225.— End-plates  from  muscle-libre  of  mouse.  Expansion  of  the  nerve  in  profile. 

semble  tlie  forms  that  obtain  in  tlie  lower  animais.  The  rami 
that  extend  longitudinally  in  the  muscle  are  but  little  branched, 
and  bear  a varying  number  of  “ terminal  dises.”  Of  interest,  too^ 
are  the  “ simplest  forms  of  end-liranches  ” observed  by  Eetzius 
{l.c. y.  48)  in  the  saine  object  (and  contirined  by  Biedermann), 
which  consist  of  an  unbranched  non-medullated  latéral  fork  of  a 
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medullatecl  nerve-fibre,  “ bearing  oiily  a single  end-disc.”  Tn  other 
cases  the  twig  runs  on  without  branching,  and  bears  two,  three, 
or  more  end-discs,  wliich  may  be  of  a considérable  size.  Every 
possible  transition  exists  between  these  simple  forms  and  the 
most  complicated  ramifications  of  the  axis-cylinder.  But  what- 
ever  the  mode  of  ending  of  the  motor  nerve-fibres,  there  is  never 
with  either  gold  method  or  methylene  bine  an  “ intra vaginal 
nervous  réticulum”  in  Gerlach’s  sense  (53);  the  contact  between 
nerve-  and  muscle-substance  is  always  distinct  and  confined  to  the 
immédiate  vicinity  of  the  point  of  entrance.  It  is  obvions  that 
this  point  is  of  crucial  importance  to  physiological  theory,  for  our 
views  of  the  relations  between  nerve  and  muscle  would  hâve  to 
be  considerably  modified  if  it  were  true,  as  Gerlach  says,  “ that 
the  presence  of  nervous  éléments  is  implied  wherever  there  is  con- 
tractile substance,  and  that  no  sharp  séparation  between  nervous 
and  muscular  tissue  can  be  accepted.”  Long  before  any  good 
results  had  been  obtained  with  vertebrate  muscle  (where,  owing 
to  erroneous  interprétation  of  gold  préparations,  Gerlach  s con- 
ceptions had  been  accepted),  valuable  work  was  doue  by  means 
of  methylene  blue,  with  the  muscles  of  certain  arthropods. 

In  the  crayfish  it  is  easy  to  stain  the  nerves  of  the  trunk-  and 
tail-muscles  so  clearly  that  no  doubt  can  exist  as  to  the  finest 
endings  of  the  rami  of  the  axis-cylinder.  XJnder  such  condi- 
tions, both  the  wide  band-shaped  muscles  which  run  along  the 
ventral  surface  of  the  thorax,  and  the  superficial  layers  of  the 
muscles  of  the  tail,  exhibit  an  extraordinary  wealth  of  nerves. 
The  smallest  particle  from  the  surface  of  a nerve  thus  stained  is 
seen  under  the  microscope  to  be  interwoven,  and  studded  with 
a more  or  less  dense  tissue  of  the  finest  axis-cylindeis,  stained 
blue,  and  characterised  by  richly  varicose  swelling-s.  These  arise 
from  the  branching  of  the  larger  trunks  (containing  several  axis- 
cylinders  of  unequal  size,  and  depth  of  stain),  which  traverse  the 
muscle  throughout  its  volume.  Ehrlich,  who  was  first  to  observe 
the  effect,  is  of  opinion  that  this  really  is  an  “ intramuscular 
plexus  ” (corresponding  with  Gerlach’s  “ intravaginal  nervous  leti- 
culum  ”),  and  that  there  is  a fundamental  distinction  between  the 
mode  of  nerve-ending  in  these  muscles  and  in  those  of  the  ex- 
tremities,  whei’e  (in  his  words)  “ the  nerves  run  an  isolated  course 
and  form  superficial  ramifications,  which  rarely  stain  with  methy- 
lene blue.” 
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It  is  imdeuiable  that  these  marked  différences  exist.  Unless 
we  assume  (and  in  Biedermann’s  opinion  there  is  no  gro\md  for 
doing  so)  that  the  methylene-blue  staining  of  tlie  nerves  in  tlie 
claw-nmscles  of  the  craytish  is  in  ail  cases  very  imperfect,  the 
most  supertîcial  comparison  of  two  préparations  of  trunk-  and 
claw-muscles  from  the  saine  animais,  and  similarly  treated,  is  suf- 
ficient  to  show  the  striking  différence  in  the  number  of  nerve  end- 
branches.  Tins  expresses  itself,  on  the  one  hand,  in  that  the 
terminal  rami  traverse  the  whole  interior  of  a niuscle-bundle, 
consisting  of  nunierous  larger  and  smaller  groups  of  striated  fibrils, 
separated  by  sarcoglia,  on  the  other  by  a far  more  copions  branch- 
ing  of  the  several  axis-cylinders.  In  contradistinction  from  these, 
the  motor  endings  in  the  muscles  of  the  claw  (as  of  the  extremi- 
ties)  resemble  those  wliich  are  found  in  the  lowest  vertebrates. 
In  many  respects  the  mode  of  arborisation  and  termination  of  the 
nerves  in  the  adductor  muscle  of  the  crayfish-claw  is  of  especial 
interest.  It  was  stated  above  that  the  axis-cylinders,  of  which 
there  are  always  two  of  different  size  within  the  common  sheath 
of  connective  tissue,  divide  dichotomously  and  very  freely,  in  such 
a way  that  hoth  axis-cylinders  invariably  branch  at  the  same 
point,  at  each  new  bifurcation  of  the  nerve-trunk,  down  to  the 
final  endings  (cf.  Fig.  150).  In  the  coarser  branches  the  small 
fibres  are  generally  stained  as  a darker  bine,  while  in  the  finest 
terminal  rami  there  is  no  apparent  différence.  These  contain, 
within  a very  thin  sheath,  two  fine  fibres  of  equal  diameter,  and 
mostly  highly  varicose,  which  cross  the  direction  of  the  muscle- 
fibies,  and  at  different  points  give  off  the  true  terminal  branches. 
These  are  also  paired,  and  seem  to  end  freely  within  the  sarco- 
plasmic  mantle  of  the  muscle-fibre.  In  rare  cases  these  terminal 
twigs  also  exhihit  a scanty  bifurcation.  But  there  is  never  liere, 
or  in  the  muscles  of  the  extremities,  any  such  rich  plexus  of 
nerves  as  in  the  trunk-muscles.  A similar  type  of  niuscular 
nerve-endings  is  met  with  in  insects  also,  the  thorax-muscles  of 
the  larger  species  of  locust  in  particular  giving  with  the  same 
method  olear  and  élégant  figures,  which,  in  their  abundance  of 
nervous  ramifications,  frecpiently  recall  the  trunk-muscles  of 
erustacea.  But  wherever  there  are  well-marked  Doyère’s  expan- 
sions, the  bifurcation  of  the  ingoing  axis-cylinders  is  markedly 
locahsed,  as  in  the  end-plates  of  vertebrates.  Thiis  in  Eydro- 
'philns  Biedermann  found  at  most  two  knotty  terminal  branches 
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of  the  axis-cylinder,  running  in  opposite  directions,  within  tlie 
substance  of  the  expansion.  These  are  for  a short  distance 
parallel  with  the  long  axis  of  the  niuscle-hbre,  and  then  appear 
to  end  freely.  In  other  cases  they  send  ont  a few  short  side- 
branches,  the  presence  of  which  is  sometimes  indicated  only  by 

isolated  dark  - bine  droplets. 
Finally,  the  nerve-endings  (in 
conséquence  of  the  great  in- 
stability  of  the  intrinsically 
délicate,  naked  axis  - cylinder) 
often  appear  merely  as  an  ac- 
cumulation of  greater  and  snialler, 
and  no  longer  cohérent,  drops 
(stained  blue)  within  the  expan- 
sion — their  real  nature  being 
apparent  only  on  comparison 
with  other  parts  of  the  sanie 
préparation.  Similar  observa- 
tions hâve  recently  been  com- 
muiiicated  by  Eina  Monti  (53) 
upon  different  insects. 

Foettinger  (53)  gives  a differ- 
ent account  of  the  inotor  nerve- 

FiCi.  220. — Nerve-e)uling  in  a muscle-  CndillgS  111  illSCCtS,  poilltillg  tO  a 

fibre  of  HudropMius  picms.  fm^iameiital  differciice  between 

(Foettinger.)  . 

vertebrates  and  insects.  In  the 
beetles  investigated  by  liini 
( Chrysomcla cœindea, Lina  trenmla, 
Hydro'pliilus  Fassalus 

(/labcrrimus)  there  were,  as  a 
rule,  several,  often  many,  nerve- 
endings  to  one  primitive  fibre, 
and  these — as  may  be  verified  on 
hardened  préparations — are  frequently  (?  always)  the  starting- 
point  of  waves  of  contraction.  After  treatment  with  asniic  acid 
and  alcohol,  délicate  fibrils  or  filaments  may  sometimes  be  dis- 
tinguished  in  the  side-view  of  a Doyère’s  expansion  ; these  start 
from  the  junction  of  the  ingoing  nerve-fibres,  and  pass  to  the 
intermediate  dises  (Fig,  226).  If  tins  be  a real  irradiation  of 
the  axis-cylinder,  there  niust  be  direct  continuity  between 
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certain  layers  of  the  striated  muscle-fibres  and  the  iierve  : thus 
verifyiiig  a conjecture  long  since  hazarded  by  Engelmann  (54), 
when  lie  defîned  the  isotropous  groimd-substance  of  the  muscle  as 
“a  soniewhat  modifîed  continuation  of  the  axis-cylinder  of  the  motor 
nerve-fibres,”  and  distinguished  it  as  “ nervous  ” from  the  “ con- 
tractile ” tissue.  Biedermann’s  own  (methylene-blue)  experiments 
are  little  favonrable  to  the  assiimption  of  any  such  intimate 
relation  between  the  final  endings  of  the  ingoing  axis-cylinder 
and  the  intermediate  dises,  although  he  lias  recently  devoted 
spécial  attention  to  tins  point.  The  niost  favonrable  préparations 
of  crustacea  (crayfish),  and  of  several  kinds  of  locusts  {Locusta  and 
jicridium),  failed  to  show  any  such  relation.  Farther  investigation 
of  the  point  is  indispensable. 

Comparison  at  once  suggests  itself  between  the  marked 
différence  in  the  motor  nerve-endings  of  different  animais  (and  in 
different  muscles  of  the  same  species),  and  the  différences  of 
function  in  the  same  muscles — such,  e.g.,  as  the  sluggishness  of  the 
claw-  and  agility  of  the  tail-muscles  in  crayfish.  The  experi- 
mental data  in  this  direction  do  not,  however,  justify  any  con- 
clusion. ISTor  must  it  be  taken  for  granted  that  the  characteristic 
morphological  différences  seen  in  the  parallel  axis-cylinders  down 
to  their  final  ending  {e.g.  in  the  abductor  muscle  of  the  crayfish- 
claw)  actually  correspond  with  the  double  innervation  here  ex- 
hibited  from  the  motor  and  inhibitory  nerves,  although  such  a 
conjecture  is  by  no  means  unfounded. 

Information  as  to  the  motor  nerve-endings  in  uninuclear 
striated  and  smooth  muscle  cells  of  vertebrates  and  invertebrates 
is  still  very  imperfect.  The  absence  of  characteristic  cnd-iolates  in 
cai  diac  muscle,  even  in  the  higher  vertebrates,  is  however  estab- 
lished,  the  character  and  ending  of  the  finest  non-medullated 
rami  being  usually  such  that  they  brandi  many  times  dichoto- 
mously,  and  then  wind  round  the  muscle-bundles,  after  which 
they  penetrate  into  these  last,  and  terminate  at  the  individual 
cells  in  very  fine,  varicose  end-branches  (Eetzius).  The  same 
mode  of  ending  seenis  to  prevail  in  smooth  niuscular  parts,  where 
again  there  is  remarkable  siniilarity  with  certain  very  simple 
fornis  of  nerve-ending  in  the  striated  muscles  of  low  vertebrates 
and  invertebrates. 

Du  Bois-Keymond  affirmed  that  the  major  part  in  the 
doctrine  of  niuscular  innervation  devolved  upon  histology,  and  if 
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this  be  true,  it  is  essential  to  review  the  known  facts  of  the 
morphology  of  motor  iierve-endings  in  vertebrates  and  inverte- 
brates  in  order  rightly  to  appreciate  the  several  théories.  With 
this  object  we  bave  brietiy  sunimarised  ail  the  relevant  data. 
Starting  with  the  striking  anatoinical  resemblance  (which  can  be 
histogenetically  accounted  for)  between  the  motor  “ end-plates  ” 
of  striated  skeletal  muscle  in  the  higher  vertebrates  and  the 
nerve-endings  in  the  “ electrical  plates  ” of  the  electric  organ 
of  Torpédo  (to  be  described  below),  W.  Krause  (55),  followed 
shortly  after  by  Kühne  (56),  was  the  first  to  express  the  opinion 
that  the  action  of  nerve  upon  muscle  might  dépend  upon  the 
passing  of  an  electric  shock  into  the  latter  by  means  of  the  end- 
plates,  thereby  producing  a contraction.  From  this  point  of  view 
it  must  be  assumed  that  the  excitation  conducted  by  the  nerve 
to  the  end-plates  induces  a brief  electrical  P.D.,  as  in  the  electric 
plates.  “ One  surface  of  the  nerve  end-plates,  no  matter  which, 
becomes  positive,  the  other  négative.  The  resulting  electrical 
shock  excites  the  contractile  substance  on  which  it  impinges  at 
sufficient  density,”  and  a twitch  immediately  ensues.  “ Tetanus 
arises  from  a more  or  less  compressed  sériés  of  such  shocks.” 
This  hypothesis  (the  so-called  “theory  of  discharge” — EnÜadungs- 
hypothese — of  du  Bois-Eeymond)  gained  acceptance,  leading  inter 
alla  to  the  conjecture  that  the  secondary  twitch  from  muscle  to 
nerve,  discovered  by  Matteucci,  is  due  less  to  the  production  of 
electricity  on  the  part  of  the  former  than  to  discharges  of  the 
intranuTSCiilar  nerves,  or  end-plates.  Becquerel,  without  know- 
ledge of  the  histological  relations,  had  in  fact  placed  Matteucci’s 
secondary  contraction  in  direct  parallel  with  the  physiological 
shock  of  the  torpédo,  referring  it  to  an  electric  discharge  in  the 
muscle  (cf.  du  Bois-Eeymond,  23,  p.  15).  Kühne’s  recent 
investigations  hâve,  however,  invalidated  the  suggestion  that  there 
may  be  discharges  from  the  end-plates.  For  neither  does  the 
région  by  which  the  nerve  enters,  which  is  especially  rich 
in  end-organs,  exhibit  any  greater  secondary  activity  than  other 
poorly-innervated  or  nerve-free  tracts  of  muscle  ; nor  did  Kühne, 
in  carrying  ont  a method  of  du  Bois-Eeymond,  succeed  in 
obtaining  secondary  twitch  from  muscles  in  which  excitability 
liad  been  abolished,  with  careful  préservation  of  the  intramuscular 
nerves  (Kühne,  2,  p.  42).  This  does  not,  however,  contradict 
the  “ theory  of  discharge,”  which  refers  primarily  to  the  relation 
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between  motor  end-plates  and  coiTesponding  mnscle-fibres,  and 
we  mnst  therefore  cite  it  in  detail.  Du  Bois  - Eeymond  gives 
the  whole  argument  in  bis  well-known  treatise,  Experimental 
Critique  of  the  Theory  of  Discharge  (57).  If  each  end-plate  is 


Fiq.  227. 


conceived  as  developing  opposite  potentials  wlien  excited  at  the 
dorsal-  and  under-surfaces,  like  an  electrical  plate,  tlien — the  two 
surfaces  of  the  plate  being  presumably  isoelectric — the  resulting 
Unes  of  current  will  be  according  to  du  Bois-Eeymond’s  schéma 
(Fig.  227,  «,  b). 
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It  is  évident  that  iiot  merely  the  muscle-fibres  corresponding 
with  the  plate,  but  those  surrouiiding  it  also,  would  be  similarly 
excited  ; under  normal  conditions,  however,  tins  is  experimentally 
found  not  to  be  the  case.  Moreover,  the  lines  of  current  traverse 
the  adjacent  fibres  at  right  angles  to  the  long  axis,  i.e.  in  the 
ineffective  direction.  There  are  certain  artificial,  and  therefore 
a priori  improbable,  conditions  under  which  such  a distribution  of 
potential  might  corne  about  in  the  plate,  “ that  the  resulting  current 
through  the  corresponding  fibres  should  be  perceptibly  denser 
than  in  the  adjacent  fibres,”  but  these  commend  themselves  the 
less  in  that  they  at  once  destroy  analogy  with  the  electrical  plate. 
It  is,  e.g.,  conceivable  that  a P.D.  should  arise  at  the  under-surface 
only  of  the  end-plate,  on  excitation  (Fig.  228);  tins  would  then 


at  the  moment  of  discharge  form  “ a mosaic  of  positive  and  néga- 
tive points,  between  which  only  molecular  currents  circle,  and 
these,  at  a distance  equal  to  the  least  diameter  of  the  plate,  would 
be  of  imperceptible  density.”  Considering  further  that  the  facts 
of  comparative  histology  of  the  motor  nerve-endings  are  in  direct 
contradiction  with  the  theory  of  discharge,  since  the  presence  of 
true  typical  end-plates  appears  to  be  confined  to  the  muscles  of 
the  higher  vertebrates,  a few  fishes,  and  insects,  the  theory  in  its 
original  form  is  hardly  tenable.  Du  Bois-Eeymond  accordingly 
proposed  a “ modijicd  theory  ol  discharge  ; but  this  is  scarcely 
more  acceptable  than  the  first,  since  its  postulâtes  are  equally 
inadéquate. 

“Definite  anatomical  relations  are  required  to  account  for 
the  inefbcacy  of  the  process  towards  adjacent  muscle-fibres,  and 
should  consist  in  a slight,  hook-shaped  mirvatiire  of  the  extreme 
end  of  each  hypolemmal  nerve-fibre  on  to  the  surface  of  the  cou- 


X 


electromotivp:  action  in  nerve 


349 


tractile  cylinder,  its  direction  beiiig  towards  tlie  axis  of  tlie  raïui  ” 
(du  Itois-Eeyniond,  Ix.  p.  555).  ïo  the  end-surface  of  each  liypo- 
lenunal  nerve-liook,  du  Bois-Eeyinond  ascribes  the  properties  of  au 
artiticial  cross-sectiou,  pre-einiueiitly  tbat  of  négative  poteutial  in 
relation  to  tlie  “ uatural  long  section  ” of  the  terminal  libre 
(Fig.  229).  The  négative  variation  of  tliis  pre-existing  current 
is  the  stimulus  for  the  muscle-substance  with  which  it  is  in 
contact,  and  tins  implies  the  further,  and  highly  improbable, 
supposition  that  the  muscle-substance  is  sensitive  to  such  a weak 
stimulus  as  the  négative  variation  of  the  nerve  current.  Kühne 
(11,  p.  90  fl.)  instituted  many  experiments,  as  varied  as  possible, 
with  the  view  of  discovering  practical  evidence  for  the  modified 
theory  of  discharge,  or  any  parallel  hypothesis,  but  with  no 


resuit.  What  du  Bois-Eeymond  daims  for  a single  primitive  fibre 
was  not  to  be  elicited  on  applying  a vigorous  frog’s  nerve,  contain- 
ing  many  hundred  fibres,  to  a muscle  under  the  most  favourable 
conditions,  and  then  exciting  it  ; nor  did  the  artificial  transmission 
of  excitation  from  nerve  to  muscle  corne  off  any  better  with  the 
non-medullated  olfactorius  of  pike,  in  which  the  E.IM.F.  is  much 
higher  (Kühne’s  method). 

Kühne  himself,  on  the  strength  of  his  comprehensive  re- 
searches  into  the  morphology  of  motor  nerve-endings  of  verte- 
brates,  attempted  subsequently  to  refer  the  innervation  of  the 
muscle  to  electrical  processes  within  the  excited  nerve  ; but  tins 
h}-pothesis  went  the  way  of  ail  its  predecessors,  when  confronted 
with  the  growing  knowledge  of  the  motor  nerve-endings  in 
invertebrates.  Kühne  tried,  by  comparison  of  innumerable  single 
cases,  to  reduce  the  two  niaiii  types  of  hypolemmal  nerve-endings 
in  vertebrates,  ix.  plates  (reptiles,  birds,  mammals,  fishes),  and 
terminal  fibres  (arljorisation  of  amphibia),  to  the  simplest  possible 
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schéma,  iii  order  “ to  arrive  at  what  was  common  to  ail,  or  to  the 
last  réduction  tliat  still  préservés  the  type  of  the  ending.” 

In  Salammidra,  where  the  motor  nerve-endings  consist  entirely 
of  noii-medullated,  non-nucleated  terminal  hhres,  embedded  directly, 
with  no  intermediate  element,  between  the  sarcolemma  and  the 
contractile  tissue,  the  simplest  form  = , where  the  stronger 

stem  represents  the  last  epilemmal,  medullated  nerve,  the  lines  at 
right  angles  being  the  intrarnusciilar  end-fibres,  approximately 
parallel  with  the  fibres  of  the  muscle.  Asymmetrical  forms  = 
frequently  appear,  ne  ver  the  simple  | form.  As 
against  these,  the  “ plates  ” of  the  higher  vertebrates  are  chiefly 
characterised  by  the  bulging  walls  of  the  branches,  studded  with 
small  lobes,  or  humps.  Here  too,  however,  a doser  inspection  de- 
tects  the  asymmetrical  branching  of  the  end-rami  (characteiistic  of 
arborisation),  “ with  sharp  angles  like  a bayonet  (“never  in  the  form 
of  a tuning-fork  ”).  “ This  discloses  another  feature,to  be  interprétée! 
in  the  same  sense,  i.e.  the  arched  and  récurrent  curvature  of  the 
branches,  their  latéral  or  terminal  prominences  lying  so  close 
together  that  they  only  embrace  very  small  bridges  of  muscle.” 
“ This  arrangement  présents  every  transition,  from  the  simplest, 
consisting  of  a single  loop,  curved  on  the  surface  and  humped,  to 
the  more  circumseribed  and  labyrinthine  plates,  which  form  ex- 
pansions with  circular,  elliptical,  and  oblong  bases.  The  simplest 

schéma  therefore  = the  more  complex  To  tins 

character  of  the  terminal  fibres  Kühne  refers  a peculiarity 
in  the  excitatory  waves  impinging  on  them,  “ which  is  of  some 
importance  to  muscular  excitation,  since  in  the  never-failing 
homodromous  fibres  no  waves  can  advance  in  a paiallel  coin  se 
without  exhibiting  phasic  différences.”  “ In  view  of  Bernsteiu’s 
remarkably  steep,  almost  vertical  décliné  of  the  wave  of  electrical 
variation  in  nerve,  the  distances  between  the  terminal  fibres 
running  parallel  with  each  other  and  the  nearest  root  must  be 
sufficient  to  initiate  a considérable  P.D.  between  each  pair  ol 
points  connected  by  a perpendicular.  “ Between  these  points, 
which  hâve  diametrically  opposite  signs,  if  the  wave  of  variation 
is,  in  Bernstein’s  sense,  heterodromous  to  the  nerve  ouïrent,  theie 
is,  however,  muscle-substance,  which  must  complété  the  ciiciiit  ot 
the  potential.”  Kühne  thiis  imagines  that  a current  complétés 
itself  between  opposite  points  of  the  terminal  branches  ol  ingoing 
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iierves,  in  conséquence  of  the  pliasic  différences  in  the  wave  of 
excitation,  wliich  current  excites  tlie  interinediate  muscle-substance. 
Ihis,  h}  pothesis,  too  is  open  to  objection,  not  merely  from  the 
theoretical  point  of  view  (du  Bois-Eeyiuond,  58,  and  Bernstein, 
59),  but  still  more  {supra)  on  anatomical  groimds,  more  particularly 
the  character  ot  the  motor  nerve-endings  in  ail  invertebrates. 

To  sum  up  ail  tliat  bas  been  said  in  relation  to  these  varions 
“ diseharge  théories,”  their  justification  seems  more  than  doubtful, 
and  we  must  rather  subscribe  to  Bernstein’s  opinion  {Le.  p.  337), 
that  every  hypothesis  whereby  the  muscle  is  to  be  excited  by 
an  electncal  shock  irradiating  outwards  from  the  nerve-endino'  is 
excessively  improbable.  Apart  from  the  preceding  objeetions,^^ 
tune-relations  of  muscular  excitation  are  decidedly  against  such  a 
view.  The  point  is  whether  a measurable  time  is  required  for  the 
propagation  of  the  excitatory  process  from  the  nerve-ending  to  the 
muscle,  leo  and  Cash  pointed  ont  that  the  latent  period,  with 
indirect  stimulation  of  the  gastroenemius  muscle,  is  considerably 
greater  in  the  immédiate  vicinity  of  the  entrance  of  the  nerve 
tian  it  is  witli  direct  excitation  of  the  muscle,  and  Bernstein  (59) 
siibseqiiently  examiued  the  saine  fact  more  closely. 

The  niarked  extension  of  the  time-difference  (0'0032— 0’0049 
sec.  on  an  average)  leads  us  to  infer  that  it  dépends  not  merely  on 
transmission  of  the  excitation  in  the  nerve  down  to  its  entrance 
into  the  muscle-fibres,  but  also  upon  the  retardation  of  the  excita- 
tory process  in  the  end-organ  of  the  iierve-fibre,  as  coinpared  with 
its  duration  ni  any  parallel  tract  of  the  same.”  Subtraction  of 
le  period  of  condiictivity  in  the  nerve  from  the  interval  deter- 
mined  experimentally  between  the  two  curves  of  contraction 
gives  the  presumptive  “ p)eriod  of  excitation  in  the  nerve-endinq.” 

, in  view  of  the  structure  of  the  gastroenemius  muscle  we 
take  the  central  point  of  the  whole  muscle  as  the  central 
point  of  entrance  for  the  nerve,  estimating  the  rate  of 
nervous  condiictivity  at  27  m.  per  sec.,  then,  according  to  Bern- 
stein, the  period  of  excitation  of  the  motor  end-organs  will  on  an 
average  be  0-0032  = sec.  The  sanie  value  a^pears,  as  Bern- 
stein  pointed  ont,  from  the  latent  period  of  the  négative  variation 
wi  1 indirect  excitation  of  the  muscle.  We  must  assume  that 
the  négative  variation  begins  at  the  point  of  excitation  at  the 
moment  of  stimulation  {i.e.  with  no  perceptible  latent  period)  in 
natural  exeitation  from  the  nerve-ending,  as  in  artificial  electrlcal 
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stiululatioii  of  tlie  iiiuscIg.  Then,  on  siibtracting  the  period  of 
iiervous  conductivity  fi’oin  the  latent  period  ol  the  négative 
variation,  as  ohserved  with  indirect  excitation  of  the  muscle,  the 
reniainder  will  again  he  the  excitation  period  of  the  neive  end- 
organ.  Certain  observations  of  Tigerstedt  may  he  interpreted  in 
tlie  sanie  sense,  showing  that  in  direct  excitation  of  non-cuiaiised 
muscle,  maximal  twitches  may  sometimes  appeai  with  suh- 
maximal  strength  ol  stimulus,  in  which  the  latent  peiiod  is  to  a 
marked  degree  more  extended  tliaii  it  would  he  in  maximal 
stimulation.  Again,  twitches  of  medium  and  minimal  height  are 
distinguished  in  iion-ciirarised  muscles  by  a longer  latency  than 
the  corresponding  twitches  of  ciirarised  muscles. 

Hoisholt  (60)  subseqiiently  dispiited  the  justice  of  Bernstein’s 
conclusions,  on  the  strength  of  experiments  performed  undei 
Kühne’s  direction.  He  equally  ohserved  (on  sartorius  and  gracilis) 
a inuch  shorter  latent  period  on  stiinulating  the  richly  iiinervated 
muscle-substance  near  the  hilus,  than  with  excitation  of  the 
ingoing  nerve-triink  at  the  sanie  point  ; but  foiind,  on  the  othei 
hand,  with  direct  stimulation  of  the  non-innervated  terminal 
sections  of  the  muscle,  that  there  was  not  merely  an  equal  but 
even  a far  more  prolonged  latent  period  than  with  indirect 
excitation  of  the  nerve.  Hoisholt  believed  himself  able  to  explain 
these  facts  by  summation  of  stimiili  in  the  muscle  and  intramuscular 
nerves;  against  which  Boriittaii  (60),  on  the  strength  of  his 
experiments,  urged  the  validity  of  the  lirst  view,  confirming  with 
siiprainaximal  excitation  the  différence,  as  found  hy  Beinstein, 
for  parallel-fihred  muscle  also,  on  stiinulating  it  first  indirectly, 
and  then  froin  the  nerve-free  end.  The  latent  period  was 
invariably  shorter  in  the  latter  case.  L.  Asher  (60)  ohjected 
to  this,  that  a supraniaximal  stimulus  cannot  he  sufïiciently 
localisée!  to  the  non-innervated  end  of  the  muscle.  At  Kühne’s 
instigation,  Asher  employée!  a new  method  in  which  parts  of  the 
muscle,  free  from,  and  containing,  nerves,  shoulel  twitcli  scparatcUj, 
and  elescribe  a ciirve  iiiider  ahsolutely  parallel  conditions.  In  the 
siiccessful  experiments,  which  were  not  numeroiis  owing  to  the 
shortness  of  the  hits  of  muscle  employée!  (these  heinghung  parallel 
with,  and  close  to,  one  another),  and  conséquent  difficiilties  of 
experimenting,  the  two  ciirves  lülly  correspond  at  the  hiitial 
point,  and  exhibit  the  saine  latent  period.  In  spite  of  this,  the 
protracteel  latency  on  stiniulating  the  nerve-triink  demands  farther 
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luvestigatiou.  Should  tins  eventually  establish  the  conclusions 
of  Benistein’s  hypothesis,  a “ theory  of  discharge  ” would  still  be 
possible  only  under  the  assumption  “ that,  after  the  wave  of 
excitation  had  reached  the  end-organ,  the  electrical  charge  would 
at  first  devebp  slowly,  and  only  after  about  3!^  sec.  reach  the 
cliinax  at  which  excitation  of  the  muscle  would  be  effected.” 

Silice  it  bas  been  established  by  Kühne  that  the  final  expan- 
sion of  the  axis-cylinder  is  hypolcmmal  in  striated  muscle-fibres 
invested  with  a sarcolemma,  a theory  of  discharge,  in  the  original 
sense,  110  longer  seems  to  be  necessary  to  the  explanation  of 
innervation.  On  the  other  hand,  we  cannot  overlook  the 
possibility  that  tliere  may  be  direct  transference  of  the  molecular 
processes  fundamental  to  excitation,  froiii  nerve  to  muscle  ; just 
as,  in  both  tissues,  transmission  of  excitation  occurs  from  section 
to  section.  This  in  no  way  excludes  essential  participation  of 
Hermann’s  galvanic  processes  (as  set  forth  above),  but,  on  the 
contrary,  renders  it  higlily  probable.  No  real  objection  exists  in 
the  fact  that,  since  actual  continuity  of  substance  between  nerve 
anc  muscle  has  not  thus  far  been  proven,  the  conductivity 
of  excitation  must  occur  per  contiguitatem.  Eecent  evidence, 
moreover,  tends  to  show  that  transmission  of  excitation  may 
occur  by  contiguity  alone  in  the  central  nerve-endings  also. 
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CHAPTEE  XI 


ELECTEICAL  FISHES 


I.  Structure  and  Constitution  of  Electrical  Organs 

The  woiiderful  physiological  properties  of  certain  fishes,  e.g.  more 
particularly  the  Torpedinidœ  of  the  Mecliterranean,  and  the 
Siluioids  (^Mcilciptcvuvus  clcctricus^  of  tlie  Xile  and  other  African 
riveis,  hâve  been  known  and  dreaded  froin  the  earliest  times. 
The  most  superficial  acquaintance  with  any  représentative  of 
tins  sinall  and  highly  specialised  group  of  fishes  at  once  reveals 
their  power,  when  touched,  of  exhibiting  activities,  which  were 
first  shown  to  be  similar  to  electrical  discharges  by  Adanson 
(1751).  Francesco  Eedi  (1666)  had  long  since  pointed  ont,  in 
bis  inasterly  anatoniical  investigation  of  the  electric  ray  (^Tot- 
pedo),  that  the  inysterious  power  of  the  electrical  fishes  was,  in 
ail  likelihood,  associated  with  spécial  organs,  situated  syminetric- 
ally  on  both  sides  of  the  head.  These  he  described  from  their 
shape  as  “ sickle-shaped  bodies,  or  perhaps  muscles.”  “ It  appeared 
to  me,”  writes  Eedi,  in  describing  his  experiments,  “as  if  the 
painful  action  of  the  electric  ray  was  located  in  these  two  sickle- 
shaped  bodies,  or  muscles,  more  than  in  any  other  part.”  Erom  tins 
may  be  dated  the  first  scientific  treatment  of  the  problem.  For 
centuries  it  had  sufficed  to  describe  the  striking  and  nnpleasant 
sensations  resulting  from  unwary  contact  with  electrical  fishes. 
The  Latin  naine  torpédo,  the  French  torpille,  the  Italian 
tremola,  the  old  Greek  narke  for  the  ray,  the  Arabie  raâd  or 
raâsch  for  the  cat-fish,  and  the  Spanish  templador  for  the  South 
American  eel,  ail  point  to  the  stunning  and  shatteriug  effect 
of  the  shock  from  an  electric  fish,  withoiit  hazarding  anytlnim 
as  to  the  cause  of  the  manifestation. 
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Eedi’s  prédictive  désignation  of  the  electrical  organs  of 
Toiycdo  as  “ muscles  ” led,  in  the  first  instance,  to  a purely 
mechanical  theory  of  their  action,  which  was  inost  clearly  set 
forth  by  Borelli  (1685).  He  assumed  that  the  organs  contracted 
rapidly  several  times  in  succession,  thus  giving  to  the  linihs  in 
contact  with  theni  a sériés  of  vigorous  shocks,  which  produced  a 
crarap  similar  to  that  due  to  a blow  on  the  elbow.  This  theory 
was  universally  accepted, — the  niost  fanions  scientists,  Eéaumur, 
Linnæus,  Haller,  sauctioned  it, — and  it  may  be  said  by  1750  to 
hâve  reigned  suprême  as  the  sole  possible,  and  at  the  saine  time 
adéquate,  explanation.  Soon  after  the  discovery  of  the  Leyden 
jar  (1745),  a French  botanist,  Michael  Adanson  (1751),  travelling 
on  the  Sénégal,  became  acquainted  with  the  far  more  energetic 
action  of  Malapterimis,  the  shocks  from  which  at  once  impressed 
him  (as  previously  noted  by  Gravesande;  du  Bois-Eeymond, 
4 e,  p.  127)  by  their  similarity  to  discharges  from  a Leyden 
jar,  more  especially  as  it  was  found  possible  to  lead  theni  off 
by  long  wires.  The  same  was  reported  by  Dutch  explorers  from 
Surinam,  of  Gymnotus,  the  first  account  of  which  reached  Europe 
in  1672.  It  was  found  that  the  shock  would  pass  through  a 
circuit  of  several  persons,  and,  like  the  electric  current,  could 
only  be  conveyed  by  conductors,  and  not  by  insiilators  (William- 
son, 1773).  Walsh  had  discovered  the  same  in  the  previous 
year  at  La  Eochelle  for  Torpédo,  and  thus  for  the  first  time 
established  the  electrical  nature  of  the  discharge  (du  Bois- 
Eeymond,  4 c,  p.  418).  He  showed  at  the  same  time  that  the 
back  and  belly  of  the  fish  give  a different  electrical  reaction  at 
the  moment  of  the  shock,  and  therefore  held  the  “ sickle-shaped 
muscles  ” of  Eedi  to  be  an  electrical  apparatus,  which  the  animal 
could  throw  into  voluntary  activity.  In  a gymnotus  sent  in 
1775  from  Giiiaiia  to  London,  Walsh  saw  sparks  leapiug  over  a 
gap  in  the  discharging  circuit,  and  was  able  to  show  the  experi- 
ment  ten  or  twelve  times  consecutively  to  the  Fellows  of  the 
Eoyal  Society  (3,  p.  158).  From  this  time  the  attention  of  ex- 
plorers in  this  department  was  mainly  directed  to  establishing 
the  complété  identity  of  the  discharge  from  the  fish  with  the 
electrical  current.  Cavendish  (1776) — whose  investigations  on 
Torpédo  were  so  extensive  that  (as  du  Bois-Eeymond  pointed  ont) 
Faraday  was  the  first  to  recover  the  same  standpoint — attempted 
to  imitate  the  action  of  the  shock  by  ordinary  electricity.  On  a 
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leather  model  of  the  tish,  satimited  with  sea-water,  he  covered  tlie 
organs  corresponding  to  the  pôles  with  tinfoil,  connecting  them 
by  insulated  wires  to  a Leyden  battery.  In  this  way  he  inade  a 
true  picture  of  the  distribution  of  potential  (lines  of  current)  out- 
side  the  fish  in  the  surrounding  water,  and  then  showed  how  a 
hand  dipping  into  the  water  innst  feel  the  electric  shock  without 
actually  coming  into  contact  with  the  hsli,  the  intensity  being 
greater  in  proportion  as  the  hand  is  nearer  the  fish.  This  agréés 
with  the  observations  of  van  der  Lotts  (4  e,  p.  128)  in  1762,  to 
the  effect  that  a shock  can  be  given  through  the  air,  which  the 
electi’ic  eel  projects  through  its  air-holes  ; as  well  as  the  later 
observations  of  C.  Sachs  that  the  jet  of  water  from  the  bung-hole 
of  a vessel  containing  a gymnotus  niay  conduct  the  shock. 

The  discovery  of  galvanic  electricity,  and  subséquent  dispute 
between  Galvani  and  Volta,  could  not  fail  to  be  of  great  import- 
ance to  the  theory  of  electrical  activity  in  these  fishes,  as  the 
most  pronounced  manifestation  of  animal  electricity  ; while  here, 
as  so  often  elsewhere  in  physiology,  the  mechanism  of  the  electrical 
organs  was  referred  directly  to  the  dominant  physical  théories. 
Volta  himself  detected  the  analogy  between  the  pile  which  he 
discovered,  and  the  organ  of  the  torpédo,  which  is  built  up  of 
prismatic  columns  {Collezione  cleW  Opéré,  etc.,  Florence,  1816,  t.  ii. 
pt.  ii.  p.  99)  ; and  even  defined  the  pile  as  an  artificial  electrical 
organ.  Such  a theory,  according  to  which  electricity  is  developed 
from  the  contact  of  three  dissimilar  éléments,  had  to  encounter 
great  diffîculties,  foremost  among  which  is  the  constant  action 
of  the  pile  ; while  the  activity  of  the  electrical  organ  is  obviously 
under  the  control  of  the  animal.  These  objections  were  got 
over  by  conceiving  the  fish  to  e.xecute  certain  movements  in  the 
act  of  discharging,  by  which  the  supposed  electromotive  éléments 
of  its  batteries,  the  nature  of  which  was  quite  unknown,  were 
first  brought  into  contact  (Volta)  ; or  by  conjecturing  the 
outtlow  of  a defective  constituent  at  the  will  of  the  animal  (A. 
von  Humboldt).  One  great  difficulty  was  the  impossibility  of 
insulating  the  organ,  which  led  Valentin  (34)  at  the  beginning 
of  the  forties  to  ascribe  to  the  tendinous  septa  that  surround 
the  columns  (prisms)  of  the  organs  the  function  of  insulators. 
Schonlein,  at  the  saine  tinie,  held  that  the  gymnotus  could 
voluntarily  insulate  itself  from  the  surrounding  water. 

The  uncertainty  (notwithstanding  the  apparent  proof  of  the 
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electrical  character  of  tlie  clischarge)  of  ail  these  more  or  less 
harcly  spéculations  is  best  seen  in  the  fact  that,  even  in  1829, 
Humphry  Davy  (whose  brother,  John  Davy,  at  bis  instigation, 
macle  extensive  researches  on  Torpcdo  at  Malta),  expressed  doubts 
as  to  whether  the  electricity  of  the  electrical  fishes  were  really 
identical  with  ordinary  electricity  ; while  Faraday  (who  had  the 
good  fortune  to  he  one  of  the  first  who  investigated  that  inost 
powerful  of  ail  electrical  fishes,  the  South  American  eel,  with  the 
best  physical  aids  that  Europe  could  supply)  was  unahle  a few 
years  later  to  procure  from  the  discharge  of  the  gymnotus  the  eight 
effects  which  he  laid  down  as  essential  to  the  identity  of  ail 
electricity  (viz.  sparking,  thermie  action,  attraction  and  repulsion, 
deflection  of  magnetic  needle,  magnétisation  of  steel  rod,  hydro- 
lysis,  conduction  through  hot  air,  physiological  action).  At  a 
later  period,  one  blank  only  remain  ed,  failure  of  conductivity 
through  hot  air. 

It  is  to  du  Bois-Eeymond  that  we  owe  the  fundamentals  of 
a scientific  physiology  of  electrical  fishes,  founded  no  less  upon 
theoretical  considérations  than  upon  sound  experimental  investiga- 
tion. His  data  hâve  heen  amplified  by  later  workers,  and  the 
main  points,  at  least,  may  now  be  taken  as  established. 

Since  the  more  recent  contributions  to  the  subject  are  only 
intelligible  if  the  structure  and  finer  relations  of  the  organs  hâve 
been  mastered,  it  is,  in  the  first  place,  advisable  to  give  sonie 
detailed  account  of  these,  taking  the  Torpedinidee  as  the  best 
known  représentatives  of  the  group  ; their  structural  relations  being 
the  simplest  and  most  obvions.  Fig.  256  « represents  half  the 
dorsal  aspect  of  Torpédo  marmorata,  after  removing  the  skin.  Ou 
either  side  of  the  head  and  branchial  sacs  lies  a kidney-shaped 
organ,  running  right  through  the  highly-flattened,  broad  body, 
from  dorsal  to  ventral  surface.  From  the  superficial  aspect  these 
resemble  a honeycomb,  consisting  of  irregular  5-  to  6-sided 
prismatic  columns  in  juxtaposition.  A section  vertical  to  the 
plane  of  the  body  shows  that  the  columns  decrease  in  height  from 
within  outwards.  ïhey  are  separated  by  partition-walls  of  con- 
nective tissue,  and  in  fresh  préparations  resemble,  both  in 
appearance  and  in  consistency,  a grayish-red,  semi-transparent 

.jelly. 

The  finer  structure  can  be  examined  both  in  loimitudiiial 

O 

sections,  parallel  with  the  axis  of  the  columns,  and  from  the  super- 
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ücial  aspect.  The  latter  is  easily  obtained  by  a inetbod  first 
employed  by  Sa\d  ; tbis  consists  in  cutting  off  tbe  convex  traiis- 
verse  section  of  a colnmn  witli  scissors,  and  tben  separating  ont 
tbe  single  tbin  plates  of  wbich  it  consists,  in  some  indiffèrent 
flnid.  It  is  tbese  fine  dises,  lying  one  npon  tbe  other  like 
tbe  coins  in  a rouleau,  or  tbe  plates  in  a voltaic  pile  (Fig.  230), 
whicb  (as  du  Bois-Ileyinond  was 
tbe  brst  to  point  ont)  become 
electromotive  under  tbe  influence 
of  tbe  nervous  System.  “ The 
electromotive  components  of  tbe 
primitive  batteries  of  tbe  fisb’s 
columns  must  not  be  sought  in 
optically  separable  structures,  in 
beterogeneous,  contiguous  tissues, 
or  in  animal  fluids.  The  seat 
of  E.M.F.  lies  rather  in  tbe  centre 
of  a morpbologically  homogeneous 
tissue,  tbe  so  - called  ‘ electrical 
plate  ’ ” (du  Bois-Eeymond  4 d,  II.). 

In  tbeir  normal  position  in 
situ  tbe  plates  are  approximately 
horizontal,  curving  only  in  tbe 
middle  towards  tbe  back  of  tbe 
animal.  On  treating  tbem  with 
reagents,  bowever,  varions  strata 
appear  in  tbe  longitudinal  sections. 

Each  plate  seems  to  be  bent 
backwards  at  tbe  margin,  where 
it  is  attached  to  tbe  connective- 
tissue  septa,  tbe  ventral  half  being  more  particularly  involved 
(Fig.  231).  Tbe  single  plates  are  soniewbat  furtber  apart 
in  tbe  larger  tban  in  tbe  smaller  columns.  From  tbe  ventral 
aspect,  each  plate  exbibits  a ricb  plexus  of  nerve-fibres,  witli  a 
sprinkling  of  capillaries,  embedded  in  a gelatinous  tissue  studded 
with  star-cells,  wbich  fills  tbe  intermediate  spaces  of  tbe  plates, 
and  gives  tbe  appearance  of  a quivering  jelly  to  tbe  fresh  sub- 
stance of  tbe  prisms.  When  we  remember  tbe  number  of  nerve- 
fibres  in  each  single  plate,  tbe  wealtli  of  nerves  in  tbe  entire 


Fia.  230. — Schéma  of  a .single  prisin  in 
Torpedo  witli  ingoing  nerve  (Wagner's 
end-hrush).  (Fritscli.) 


organ  is  surprising,  and  witnesses  to  its  intimate  relations  with 
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the  central  nervous  System.  ïhis  is  no  less  strongly  marked  at 
the  origin  of  the  “ electrical  nerves,”  which  arise  from  two  spécial 

lobes  of  the  brain,  that  are  wanting  in 
ail  other  fishes.  Lorenzini,  1677  (as 
was  pointed  oiit  by  Boll,  5 d),  described 
these  parts  as  a posterior  pair  of 
tubercles,without  divining  tbeir  function, 
while  A.  V.  Humboldt  was  the  first  to 
recognise  theni  more  exactly  for  the 
centres  of  the  electrical  nerves  of 
Torpédo.  After  exposing  the  central 
organ,  they  are  perceived  as  two  long 
grayish-yellow  hodies  lying  close  to- 
gether,  from  which  four  nerve-trunks 
riin  ont  right  and  left,  on  either  side, 
and  supply  the  organs.  According  to 
Fritsch  (whose  view  was  also  adopted 
by  Schenk  on  developmental  groimds), 
the  dorsally  protruding  electrical  lobes 
arise  from  branches  of  the  motor  nuclei 
of  the  vagus,  in  the  medulla  oblongata, 
electrical  plates:  longitudinal  -v^picli,  froiu  tlie  excessive  proliferatioii 

aspect  of  the  colunin.  (Ranvier.) 

of  the  ganghon-cells  that  subserve  a 
spécial  function,  appear  to  he  pressed  upwards  from  their  original 
Seat  on  the  floor  of  the  fourth  ventricle.  Transverse  sections 
reveal  a dense  layer  of  large  ganglion-cells,  the  axis-cylinder  pro- 
cesses of  which  pass  directly  into  the  fibres  of  the  electrical  nerves. 

The  character  and  distribution  of  the  nerves  that  enter  the 
organ  within  each  single  column,  or  prism,  is  higlily  characteristic. 
As  Eudolf  Wagner  (35)  first  showed,  the  fibres  ail  divide  up 
suddenly  into  many  brandies  hefore  they  enter  the  plates, — 
forming  the  characteristic  hundle  (Wagner’s  Irusli — Figs.  230 
and  232),  of  which  the  spatial  distribution,  and  relations  to  tlie 
single  plates,  were  determined  more  exactly  at  a later  period  by 
A.  Ewald  and  Fritsch  (9). 

They  found  that  the  fibres  of  a brush,  about  eighteen  in 
number,  are  superposed  upon  one  another  in  regular  arrangement, 
entering  by  the  corners  of  the  hexagonal  plates  ; so  that  each  plate 
is  supplied  by  six  fibres,  which  again  présent  a rich  dichotomous 
ramification  (Fig.  2.‘>0). 
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So  soon  as  a medullated  twig  of  Wagner’s  end-hrusli  reaclies 
the  plate  with  which  it  is  correlated,  and  one  part  of  which 


it  is  to  innervate,  it  gives  off  branches  on  either  skie,  at  an 
ajiproxiinately  riglit  angle.  These  are  still  medullated,  and  in 
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their  turn  cUvide  repeatedly  (dichotomously),  or  give  off  latéral 
branches  ; and  finally,  after  losing  the  mednllary  sheath,  form  two 
horned  bundles  of  non-inedullated,  pale  fibres,  the  final  ending  of 
which  in  the  substance  of  the  plate  can  hardly  he  detected  (Fig. 
233).  Not  only  the  dichotomous  branches  of  the  medullated, 
but  in  part  those  of  the  non-medullated  terminal  arborisations 
also,  are  invested  with  a sheath  of  connective  tissue  with  em- 
bedded  nuclei,  which  is  more  particularly  developed  in  the  former. 


Fig.  233. — Arborisation  jf  iierves  on  tlie  ventral  surface  of  an  electrical  plate  o Torpcdo. 

i(Ranvier.) 

According  to  Eanvier,  tins  sheath  ends  suddenly  at  a given  point 
of  the  non-medullated  terminal  expansion. 

Kemak,  1856  (27),  was  the  first  to  observe  that  the  fine 
non-medullated  terminal  branches  can  be  followed  much  farther 
than  is  described  by  Wagner.  In  good  préparations  the  whole 
of  the  apparently  empty  intermediate  spaces  proved  to  be  filled 
with  pale  and  visibly  anastoniosing  nerve-branches.  Kolliker, 
1857  (16  b),  and  later  on  M.  Schultze,  described  a true  nervous 
network,  which  Schultze  represents  as  a very  fine  réticulum 
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^vitll  neaiiy  quadratic  meshes  (31  V).  The  niajority  of  later 
workers  hâve  determined  by  the  help  of  modem  methods  (in 
particular  with  metallic  imprégnation,  e.g.  gold,  silver),  as  also 
on  fresh  electrical  plates  of  Torpédo,  that  the  nerve-endings 
are  in  ail  respects  homologous  with  the  motor  end-plates  of 
striated  muscle  in  the  higher  vertebrates.  If  we  examine 
llanvier’s  picture  of  a small  portion  from  the  terminal  arborisation 
of  the  nerves  of  the  plate,  treated  with  silver  (Fig.  234) — 
or  siich  figures  as  are  given  by  Ciaccio  (6),  Boll  (5),  Krause 


(17),  and  recently  Ballowitz  (2)  and  Iwanzoff  (15),  after  treat- 
ment  with  osmic  acid,  gold  chloride,  hæmatoxylin,  Golgi’s  method, 
etc. — the  exactness  of  the  comparison  is  at  once  obvions, 
and  it  is  difficult  to  understand  how  Fritsch  (12)  could  entirely 
deny  the  existence  of  such  a terminal  nervous  arborisation. 
Biedermann  bas  invariably  been  able  to  recognise  it  in  fresh 
préparations,  where  it  covers  the  whole  ventral  surface  of  each 
dise  like  a gigantic  end-plate.  And,  indeed,  when  we  consider 
the  development  of  the  electrical  plates  from  metamorphosed, 
striated  muscle-fibres,  the  honiology  between  the  terminal  nervous 
arborisations  on  the  ventral  surface  and  the  motor  end-plates  can 
hardly  be  disputed.  Schünlein  even  states  that  he  is  now 


Fio.  234. — Small  portion  of  the  terminal 
nervous  arborisation  in  electrical 
plate  of  Torpédo  (silver  préparation). 
(Ranvier.) 


Fig.  235. — Portion  of  nervous  ramitteation  in  a 
plate  of  Torpédo,  showing  Boll’s  punetna- 
tion.  (Ciaccio.) 
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inclined  to  regard  the  wliole  of  the  developed  plate  as  the 
homologue  of  the  motor  end -plate  only.  llemak  {Le.)  drew 
attention  to  a peculiar  and  regularly  arranged  punctuation  upon 
the  ventral  surface  of  each  electrical  plate  (as  observed  by  ail 
later  workers),  which  Boll  (5)  deseribed  many  years  later  as  a 
new  structural  relation.  This  consists  of  a remarkably  fine, 
régulai’,  and  homogeneous  punctuation,  innnediately  sul^jacent 
to  the  terminal  network,  viewed  from  below  (Fig.  235).  The 
arrangement  of  dots  corresponds  perfectly  with  the  configuration 
of  the  terminal  network,  so  that  the  little  points  follow  the 
réticulation  of  the  net,  and  to  some  extent  mark  its  distribution. 
Several  (2-3)  irregular  rows  of  dots  correspond,  for  the  niost 
part,  to  the  single  threads  of  the  net,  the  number  of  points  in 
1 sq.  mm.  amounting,  according  to  Krause  and  Iwanzoff,  to  about 
a million. 

In  optical  cross-sections  of  the  plate  (at  the  bending-points) 
the  punctuation  is  seen  to  be  the  expression  of  a fine  and  regular 
striation,  vertical  to  the  surface  (cf.  Fig.  231,  ce),  which  extends 
from  the  ventral  side  to  the  border  of  the  fîrst  sixth  of  the 
diameter  of  the  plate  (palisade  border,  Eanvier’s  cils  électriques), 
and  was  known  to  Eemak,  who  regarded  the  dots  of  the  super- 
ficial  aspect  as  the  bending-points  of  small  cylinders  arranged  in 
a palisade  upon  the  surface.  Krause  in  the  main  subscribed  to 
the  same  opinion,  regarding  the  dots  as  “ the  optical  expression 
of  small  cylindrical  rods,  viewed  from  above,  which  belong  to  the 
neurilemma,  and  form  as  it  were  ‘nails,’  riveting  the  flattened 
terminal  fibres.”  Boll,  Eanvier,  Ciaccio,  and  Trinchese  viewed 
them  as  the  true,  terminal  nerve-endings.  According  to  Iwanzoff 
the  palisade  merely  represents  the  processes  of  the  structureless 
membrane  which  clothes  the  lower  surface  of  the  electric  plates, 
corresponding  with  the  sarcolemma  of  the  muscle-fibre. 

Fritsch,  on  the  contrary,  holds  the  dots  (which  look  black 
when  treated  with  osmic  acid,  and  examined  undei’  the  highest 
dry  power,  or  a weaker  immersion  lens)  to  be  “ the  optical  ex- 
pression of  strongly  refracting  and  closely  approximated  granules, 
embedded  in  a less  refrac tile,  semi-fiuid  substance,  which  covers 
the  lower  surface  of  the  plate.”  Fritsch  proposes  to  call  this 
layer,  which  lias  nothing  to  do  with  the  true  nerve-ending,  tlie 
straturi  granulosum.  Its  relation  to  the  other  layers  of  the 
electric  plate  is  most  plainly  seen  in  transverse  section  (Fig.  2 3 G). 
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According  to  Fritscli  (who  is  again  contradicted  by  Iwanzoff), 
“ it  is  possible,  iii  specially  favourable  parts  of  the  cross-sections 
of  a plate,  to  discover  fine  tlireads  of  nerve  at  right  angles  to  the 
direction  of  the  plates,  entering  at  the  grannlar  layer  and  dis- 
appearing  between  the  granules.”  Beyond  these  again,  in  the 
palisade  border,  they  are  plainly  visible,  and  form  the  direct 
bonndary  of  the  palisade  (Fig.  236).  ïheir  proper  ending  seenis 
to  be  at  the  dorsal  border  of  this  layer,  in  “ soft  protoplasmic 
bodies,  which  in  the  préparation  cohere  in  spherical  (berry-like) 
masses.”  Beyond  the  border  of  the  palisade  cornes  the  dorsal 
(“  innscnlar,”  Fritsch  ; “ metasarcoblastic,”  Babuchin)  part  of  the 
plate  (Eanvier’s  couche  intermédiaire).  This  layer,  which  is 


Fig.  236. — Torpédo  ocellata.  T.S.  of  electrical  plate  with  depenileiit  nerve.  ? = dorsal  border,  or 
layer,  of  connective  tis.sue  ; m = stratum  moleculare  ; p=palisade-border  with  nerve-endings  ; 
gl = stratum  granulosum  ; m=nerve.  (G.  Fritsch.) 


developed  by  the  transformation  of  embryonic  muscle-substance, 
exhibits  nothing  further  of  the  characteristic  structure  of  striated 
fibres.  Krause,  incleed,  clescribes  “ striated,  bowed  fibres  ” as  a 
residue  of  muscle-fibrils,  but  other  observers  bave  not  detected 
them.  According  to  Fritsch,  this  layer,  like  the  stratum 
gramdosum,  “ is  composed  of  minute  particles,  set  in  rows  parallel 
with  the  axis  of  the  prisms,  and  little  more  refractile  than  the 
intermediate  substance”  (Fig.  236,  m). 

Fritsch  inclines  to  regard  the  regular  structure  (as  observed 
by  him)  as  a confirmation  of  du  Bois-Pieymond’s  molecular 
theory,  though  he  does  not  go  so  far  as  to  affirm  that  the  rows 
of  particles  are  actually  “ the  recpiired  electromotive  molécules.” 
Iwanzoff,  on  the  contrary,  views  them  merely  as  a kind  of  honey- 
comb  or  foam-like  structure  of  the  plasma  of  which  the  “inter- 
mediate  layer”  consists. 
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To  summarise  tlie  main  points  relating  to  structure,  and  more 
particularly  to  innervation,  of  the  organ  of  Torpédo,  this  inuch  is 
certain.  Eacli  ganglion-cell  of  the  electric  lobe  in  the  brain  gives 
off  an  axis-cylinder  process  (analogous  to  Deiter’s  process  in  the 
ganglion -cells  of  the  spinal  cord),  which  continues  as  an  un- 
branched  constituent  of  the  electric  nerve,  down  to  one  of  the 
columns  that  compose  the  organ.  Here  the  medullated  fibre 
suddenly  breaks  up  into  a number  (12— 20)of  small  ramifications 
(Wagner’s  brush),  which  are  arranged  regularly,  one  over  the 
other,  and  each  partially  supply  a plate.  On  entering  the  mucous 
tissue  that  fills  up  the  space  between  every  pair  of  plates,  each 


Fig.  237. — llymnotus  dectriais. 


terminal  fibre  divides  many  times  dichotomously,  and  finally  ends, 
after  losino;  its  medullated  sheath,  at  the  ventral  surface  of  the 
plate,  in  a manner  analogous  with  the  terminal  ramification  of 
the  axis-cylinder  in  the  motor  end-plates  of  striated  muscle-fibres. 
The  nature  of  the  true  ending  and  whether  it  is  free,  or,  as 
Fritsch  says,  lies  within  the  palisade  layer,  is  still  undecided,  and 
awaits  further  investigation. 

The  uniformity  of  structure  and  internai  relations  in  the 
electrical  organ  is  of  great  moment  to  the  theory  of  the  discharge 
of  these  fishes.  In  Gjimnotus,  as  in  Torpédo,  the  organs  exhibit 
a bilateral  symmetry,  and  are  so  powerfully  developed  that  the 
fish  might  be  said  to  consist  principally  of  electric  organs.  Fig. 
237  is  a good  représentation  of  the  form  of  the  fish.  Xotwith- 
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standing  its  eel-like  shape,  tlie  body-cavity  occupies  but  a small 
part  (not  cpûte  one-fifth,  including  tlie  head)  of  the  total  length, 
while  the  four  electrical  organs  fill  up  the  space  that  would  otlier- 
wise  be  devoted  to  the  abdomen  (C.  Sachs).  As  seen  from  above, 
the  trunk  of  the  fish  appears  to  taper  off  behind  like  the  blade  of 
a knife.  The  gymnotus,  in  comparison  with  otlier  electrical 
fishes,  reaches  a considérable  size  (according  to  Sachs  the  length 
may  be  155  cm.,  or  170  cm.  according  to  v.  Humboldt),  while 
the  species  of  torpédo  most  common 
in  Europe  measures,  at  most,  20-30 
cm.,  rarely  7 0 cm.  The  electric  ray 
peculiar  to  the  coast  of  Eastern 
America  {T.  occidentalis,  Storer)  is 
the  sole  species  that  becomes  double 
this  size  under  certain  conditions, 
and  may  be  defined  as  the  largest 
and  heaviest,  if  not  the  longest,  of 
ail  the  electrical  fishes  (Fritsch). 

As  seen  in  a transverse  section 
of  Gymnotus  (Fig.  238),  the  body 
consists  mainly  on  the  farther  side 
of  the  head  and  body-cavity,  of  a 
gelatinous,  transparent  mass,  which 
forms  on  each  side  a large,  and  a 
second  much  smaller  accumulation, 
situated  below.  These  are  separated 
by  a layer  traversed  by  muscle-fibres, 
termed  by  du  Bois  - Ilejunond  the 
“ intermediate  muscular  layer,”  and 
viewed  by  Fritsch  as  a vestige  of  the  muscles  whose  transforma- 
tion gave  lise  to  the  greater  organs  (Fig.  238). 

Gloser  inspection  proves  the  substance  of  the  organ  to  be 
penetrated  by  parallel  walls  of  connective  tissue,  lying  one 
alxjve  the  other,  and  running,  in  transverse  section,  from  a 
middle,  vertical  septum  to  the  external  circumference  of  the 
body.  These  “longitudinal  partition  walls,”  which  (as  shown 
by  the  latéral  aspect,  Fig.  239)  extend  throughout  the  entire 
length  of  the  organ,  including  the  intermediate  muscular  layer, 
serve  to  bound  shallow  spaces  lying  in  horizontal  strata,  each  of 
which,  with  its  content,  corresponds  to  a column  of  the  Torpédo 
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Fia.  238.— T.  S.  tlirougli  trunk  of  Gijm- 
notus.  crO  = great  organ;  7.'0  = small 
organ;  Zm=intermediate  muscular 
layer. 
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organ.  Fine  septa,  parallel  with  tlie  plane  of  the  cross-section 
(“  transverse  partition  walls  ”),  prodnce  froni  the  latéral  aspect  a 
délicate  cross-striation  of  the  single  prisms,  and  divide  thein  into 
closely-compressed  narrow  compartments,  in  each  of  which  an 
“ electrical  plate  ” is  supported  at  right  angles.  The  forni  of  this 
compartment,  and  of  the  plate  within  it,  inay  in  general  be 
described  as  rectangular,  with  greater  or  less  diminution  towards 
the  centre. 

c.-'  The  average  width  of  the  compartments  in  the  organ  of 
Gymnotus  is  about  mm.,  agreeing  with  the  older  observations 
of  Hunter,  who  reckoned  about  240  transverse  septa  to  the 
English  inch,  i.e.  about  0T058  mm.  width  of  compartment.  In 
Torpédo  it  is  about  mm.  The  distance  between  the  two 
longitudinal  septa  (height  of  compartment)  is  of  course  much 
greater.  It  is  about  0'64  mm.  in  Gymnotus  (Hunter).  The  total 


Fig.  239. 

number  of  compartments  lying  between  two  longitudinal  partition 
walls,  with  the  band-shaped  plates  which  they  contain,  may  again 
be  described  as  “ columns,”  analogous  with  the  prismatic  columns 
standing  at  right  angles  to  the  body  superficies  in  the  organ 
of  Torpédo.  The  columns  of  the  large  organ  spring  collectively 
(as  shown  by  the  latéral  schéma,  Fig.  239)  from  behind  and 
below  the  intermediate  muscular  layer,  and  ascend  at  a sharp 
angle  above  and  in  front.  Only  the  foremost  run  approximately 
parallel  with  the  axis  of  the  fish. 

Eveil  to  the  unaided  eye  a certain  part  of  the  two  large 
organs  exhibits  peculiar  characteristics  ; i.e.  it  is  darker,  more 
transparent,  and  of  a yellow-gray  or  pinkish  colour,  instead  of 
being  white  like  alabaster.  This  is  because  (as  Pacini,  25,  showed, 
Fig.  240,  a,  h)  there  are,  along  with  the  ordinary  columns  with 
small  compartments,  others  in  which  the  spaces  are  very  wide. 
Sachs  confirmed  these  observations.  The  “ Sachs’  biindle  of 
columns,”  which  lie  was  inclined  to  regard  as  a new  electrical 
organ  in  Gymnotus,  lies  as  a riile  above  the  posterior  half 
of  the  large  organ.  It  begins  anteriorly  in  a fine  point 
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(Fig.  239),  increasing  posteriorly,  so  tliat  it  soon  occupies  tlie 
upper  half  of  tlie  total  diaineter  of  the  organ,  and  finally  pushes 
its  way  coinpletely  beliiud  the  large  organ.  A section  parallel 
with  the  long  axis  of  the  fish  shows  a general  fusion  of  the 
longitudinal  septa  between  the  wide-spaced  colunius,  which  end 
before  and  behiud  in  sharp  wedges  (Fig.  240,  h)  ; the  cross- 
section  is  spindle-shaped,  or  rhoinboidal. 

If  a longitudinal  section  of  the  electrical  organ  (parallel 
with  the  axis  of  the  organ,  and  vertical  to  the  long  partition  walls) 
is  exainiued  niider  a high  power,  it  is  easy  to  see  the  cross-sections 
of  the  transverse  septa  of  connective  tissue,  extended  between 
each  pair  of  longitudinal  partition  walls,  together  with  the  com- 
partnients  which  they  enclose,  each  containing  a transversely 


h 


Fio.  240. — a.  Portion  of  several  superposed  prisms  of  Gyninotus  (two  wide  compartments  below). 

(Pacini.)  b,  L.S.  through  prisms  of  Gyninotus,  wide  and  narrow  compartments.  (Du  Bois- 

Reymond.) 

bisected  electrical  plate  (Fig.  241).  With  regard  to  the  position 
and  mode  of  attachment  of  the  latter,  there  is  a fundamental 
différence  between  Pacini  and  M.  Schultze  (31),  as  appears  from 
the  two  figures  (241,  a,  h).  While  Pacini  holds  that  the  plates 
dépend  freely  in  the  compartment,  and  are  attached  only  at  the  lon- 
gitudinal septa,  Schultze  maintains  that  each  transverse  partition 
Wall  {Q)  coheres  with  the  posterior  surface  of  the  correspondiug 
plate,  so  that  there  is  a space  only  in  front  of,  and  not  behind  it. 
Both  anterior  and  posterior  surfaces  of  the  plate  are  thickly  set 
with  papillæ  (“  villi,”  M.  Schultze),  behind  wliich  there  are 
posteriorly,  thorn-like  processes  {j[)rolunrjammti  s^miiformi,  Pacini), 
which  extend  to  the  posterior  partition  wall,  and  are  attached  there. 
Schultze  failed  to  discover  the  latter,  while  Sachs  confirined  the 
observations  of  Pacini,  as  also  for  the  cleavage  of  the  plates  (as 
observed  by  the  latter),  into  an  anterior  and  a posterior  half.  He 
regarded  the  papillæ  with  their  so-called  “ nuclei  ” (known  later 
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on  as  star-cells)  as  cells,”  distributecl  over  the  anterior 
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Fio.  241. — Two  olectrical  plates  of  Gymnotus;  L.S.  of  Uie  organ  (as  in  Fig.  240). 
(n,  Paeini  ; b,  M.  Scluiltze.) 


and 


posterior  surfaces  of  a gronnd-inembrane  {'parte  fondamaitale. 
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Fig.  241,  a).  According  to  Sachs,  tlie  transverse  section  of 
the  electrical  plate  exhibits  the  following  layers  from  the  front, 
posteriorly  (Fig.  242).  ISText  to  the  anterior  papillar  layer 
(stratum  papillare  anterms)  cornes  a clear  and  perfectly  structure- 
less  stratum,  termed  by  Sachs  the  intermediate  layer  (stratum 
intermedium),  corresponding  essentially  with  Pacini’s  parte  fonda- 
mentale. This  is  succeeded  hy  the  nervous  layer  (stratum 
nerveum),  which,  apart  froni  the  processes  of  the  posterior  star- 
cells  which  traverse  it,  is 
gives  off  the  posterior 
papillæ,  and  the  thorn-like 
papillæ,  forming  collect- 
ively  the  stratum  papillare 
posterius.  The  electrical 
nerves  end  at  the  nervous 
layer,  as  will  he  described 
below.  Transpareutly 
homogeneous  in  the  fresh 
State,  the  papillæ  hecoine 
granulated  within  eveu  1—2 
minutes  after  removal  from 
the  liviug  animal,  while  a 
Sharp  boundary  line  (PL) 
appears  inside  the  inter- 
mediate layer,  dividing  it 
into  two  tolerably  equal 
halves.  Cleavage  of  the 
plate  usually  occurs  at 
these  “ Pacinian  Unes,” 
which  appear  in  osmic  préparations  as  a sharp  dark  streak  in  a 
broad,  light  zone.  Sachs  found  “ a substance  resembling  spider- 
web  ” betweeu  the  anterior  papillæ,  “ consisting  of  meshes  of  fine 
threads  with  small  nuclear-like  structures.”  Pacini  detected 
nerves  upon  the  trans  verse  sep  ta  ouly,  where  Sachs  also  noted 
them  plentifully,  but  in  addition  discovered  their  terminal  branches 
between  the  thorn  papillæ,  and  traversing  the  posterior  cavity 
of  the  compartment,  to  end  finally,  after  loss  of  the  medullated 
sheath,  in  the  plate  itself. 

The  posterior  surface  of  the  plate  exhibits  in  transverse 
section  (with  osmic  préparations)  the  striation  (or  punctuation  as 


of  a homogeneous  gray  colour.  It 


TL 


Fig.  242.— T.S.  of  electrical  plate  of  Gymnotus;  L.S.  of 
organ.  (Sachs.) 
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seen  froiii  the  surface)  first  described  in  detail  by  Boll  for 
Torpédo.  The  nerve-ending  itself  présents,  according  to  Sachs, 
a varying  aspect  “ resembling  now  Kühne’s  end-plate,  and  now 
Schultze’s  net.”  According  to  Fritsch,  the  thorn-like  papillæ  are 
to  be  viewed  as  the  real  bearers  of  the  nerve-endings  in  the 

Gymnotus  plates.  “ Upon  these 
there  are  comparatively  coarse 
prolongations  of  the  axis-cylinder,” 
so  that  they  are  “ allied  to  the 
stalk  of  the  Malapterurus  plate.” 
As  regards  the  indisputable  genetic 
relation  between  the  electrical 
organs  and  striated  muscle,  it  may 
be  conjectured  that  the  mode  of 
ending  of  the  nerve  in  the  sub- 
stance of  the  plate  is  analogous 
to  that  of  Torpédo,  although  the 
observations  made  up  to  this  time 
afford  no  positive  evidence  of  it. 
The  plates  in  the  wide  compart- 
ments  of  Sachs’  columns  are  dis- 
^ tinguished  from  the  others  mainly 

Fig.  243. — One  wide  and  two  narrow  compart-  by  the  greatei’  leilgtll  of  the 
inents  of  Gymnotus,  seen  in  cross-section  . . -n  a a o\ 

(as  in  Fig.  241)  imder  a high  i)ower,  witli  ^.UtGlior  papillcC  (Fig.  -j43),  111 
enclosed  plates  (p).  (Du  Bois-Reymond.)  which,  moreOVei’,  ill  the  fresll  State, 

Sachs  observed  a broad,  dim  cross-striation  and  traces  of  double 
refraction,  in  the  axis  or  at  the  margin. 

If  the  final  distribution  of  the  nerve  in  the  peripheral  organ 
(electrical  plates)  is  thus  uncertain,  no  such  doubt  exists  as  to 
the  central  origin  and  coarser  anatomical  structure  of  the  electrical 
nerves. 

Valentin,  reasoning  from  a likeness  (afterwards  proved  to  be 
inadéquate)  between  the  brain  of  Gymnotus  and  that  of  the  eel, 
assumed  a certain  section  of  it  (by  analogy  with  Torpédo)  to 
be  the  electrical  lobe,  and  centre  whence  spring  the  electrical 
nerves.  Later  investigations,  however,  showed  the  part  of  the 
brain  in  question  to  be  identical  with  the  cerebellum  so  markedly 
developed  in  the  allied  cat-fish  {Silurus  ylanis),  the  spinal  cord 
being  the  immédiate  seat  of  origin  for  the  electrical  nerves.  ]\Iax 
Schultze  first  pointed  ont  the  very  numerous  and  large  ganglion- 
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cells  in  the  spinal  cord  of  Gymnotus,  and  sliowed  that  there  were 
twice  as  niany  as  in  other  lishes,  indicating  a probable  relation 
with  the  electrical  nerves  that  pass  ont  froni  this  région.  Du 
Bois-Iieynioud  also  concludes  “ that  there  niust  be  a similar 
structure  in  the  cord  of  the  electrical  eel  to  the  lobus  electricus  of 
the  electric  ray.”  This  is  the  more  probable  since  the  electrical 
organ  of  Gymnotus  is  supplied  by  intercostal  nerves,  which  are  so 
numerous  as  to  hâve  excited  attention  from  the  time  of  Hunter. 
Fritsch’s  thorough  investigation  of  the  materials  brought  by  C. 
Sachs  from  Calabozo  showed  in  point  of  fact  that  at  a certain 
level  of  the  cord,  which  is  differently  localised  according  to 
individual  variations  (12-23  vertebræ),  large  ganglion-cells,  highly 
characteristic  in  their  entire  habit,  appear  at  first  singly,  and 
later  on  as  a closed  column,  in  the  form  of  a cylinder,  surrounding 
the  central  canal,  and  open  anteriorly  ; these  must  undoubtedly 
be  denoted  “ electrical  cells.”  “ They  exhibit  the  usual  multi- 
polar  characteristics  of  well-nourished  finely-granulated  protoplasm, 
drawn  ont  into  several  broad  processes  and  bladder-like  nuclei, 
with  conspicuous,  strongly-refracting  nucleolus.”  The  size  of  the 
rounded  cell-body,  which  is  invariably  drawn  out  into  a well- 
marked  axis-cylinder  process,  is  on  an  average  0'051  mm.  The 
ordinary  motor  cells  exhibit  a more  polygonal  form,  with  better 
developed  protoplasmic  processes,  hlo  sharp  division  can,  how- 
ever,  be  predicated,  since,  according  to  Fritsch,  there  are  transitional 
forms  at  the  level  of  the  6-16  cervical  vertebræ.  At  about 
the  30th  vertebra  the  quantity  of  electrical  cells  has  increased  so 
much  “ that  the  entire  cavity  of  the  anterior  horns,  and  central 
mass  of  the  gray  matter,  seems  to  be  filled  with  them,  and  they 
even  cause  a thickening  of  the  spinal  cord  in  the  sagittal  direction. 
It  is  only  in  front  of  the  central  canal  that  the  cells  do  not  meet, 
on  either  side,  so  that  the  cell-group  in  cross-section  resembles  a 
wide  half-moon”  (Fig.  244).  “ Here,  where  the  seat  of  origin  of 

the  electrical  nerves  appears  most  fully  developed,  the  axis- 
cylinder  given  off  from  the  cells  forms  at  each  cross- section  a 
distinct  group  of  fibres,  which  run  very  obliquely.  These  coincide 
in  arrangement  and  mode  of  origin  with  the  ordinary  anterior 
roots  of  otlier  bony  fishes.  There  are  no  spécial  motor  roots  in 
the  cord  of  Gymnotus  alongside  of  the  electrical,  but  the  fibres 
from  which  the  muscular  nerves  originate,  succeed  immediately 
upon  the  electrical  nerves  (Fritsch).  Corresponding  with  the 


376 


ELECTRO-PHYSIOLOGY 


CH  A P. 


lact  tliat  the  electrical  organs  of  Gymnotus  extend  to  the  tip  of 
tlie  tail,  we  find  ganglion-cells  of  the  electrical  type  as  far  as  the 
end  of  the  spinal  cord,  but  they  gradually  diminish  in  nninber 
and  size,  and  more  nearly  resemble  in  form  the  ordinary  motor 
cells  of  the  anterior  horn. 

While  in  these  cases  we  hâve  in  Toryedo  and  Gijmnotus 
electrical  organs  of  such  high  différentiation  that  even  the  most 

powerful  effects  seeni  al) 
initio  to  be  accounted  for, 
there  are  in  the  tail  of  the 
common  Skate  {Raja),  as  well 
as  in  the  species  of  Mor- 
myrus,  organs  that  in  struc- 
ture and  arrangement  are 
unmistakahly  allied  with  the 
electrical,  but  of  which  the 
effects  are  so  slight  that  they 
hâve  ■ only  recently  been  de- 
termined.  These  du  Bois- 
Beymond  named  “ pseudo- 
F,„.  .24F-T.S,  electric  ” organs.  Tins  dis- 

tinction  is,  however,  obsolète, 
seeing  that  both  Mormyrus  and  the  varions  species  of  Raja  belong 
to  the  true  electrical  fishes,  so  that,  as  Babuchin  expresses  it, 
“ there  are  no  pseudo-electrical  fishes,  but  only  large  and  strong, 
or  small  and  weak,  electrical  fishes,  severally.” 

As  James  Stark  was  first  to  discover,  the  electrical  organs  in 
the  tail  of  Raja  lie  on  either  side,  near  the  vertébral  column,  as 
two  cylindrical,  grayish,  transparent  bodies,  pointed  anteriorly  and 
posteriorly.  “They  begin  at  the  centre  of  the  sacro-lumbalis 
muscle,  near  the  junction  of  the  anterior  and  second  thirds  of  the 
tail,  become  gradnally  thicker,  and,  after  completely  displacing 
the  muscle,  lie  close  under  the  skin,  where  they  are  as  thick  as 
the  muscle  itself,  and  extend  as  far  as  the  exti’eme  end  of  the 
tail”  (Fig.  245,  a,  h).  Their  position  is  shown  even  better  in 
transverse  than  in  longitudinal  section  (Fig.  24G).  Here  the  com- 
position ont  of  single,  concentric  “ columns,”  running  parallel  witli 
the  axis  of  the  tail,  and  separated,  as  in  Torpcdo  or  Gymnotus,  by 
septa  of  connective  tissue  (M.  Schultze’s  “primary  partition 
walls,”  31  a),  is  very  obvions.  Each  column  again  breaks  up  by 


XI 


ELECTRICAL  FISHES 


377 


niimerous  (“  secondaiy  ”)  transverse  partitions,  set  vertically  to  the 
long  axis,  into  single,  Hat,  cpiadrilateral  chambers  or  compartinents, 
lying  one  behind  the  other,  and  enclosing  tlie  trne  electroiuotive 
éléments  of  the  “ plates  ” (Kôlliker’s  “ spongy  hodies  ”).  It  appears 
froni  even  superficial  considération  of  a long  section  that  the 
single  longitudinal  columns  of  the  electrical  organ  hâve  in  some 
degree  replaced  the  involuted,  cone-shaped  muscle-segments,  so 
that  the  primary  septa  are  in  part  only  a restoration  of  the 
tendinous  partition  walls  of  the  sacro-lumhar  muscles,  and,  like 


Fia.  2i5.— Raja  clavata  ; L.S.  of  electrical  organ  iu  tlie^tail.  a,  Anterior  end,  lying  between  the 
layers  of  M.  sacrolmiibalis  (magnitied  three  finies)  ; h,  froni  the  centre  of  the  organ  ; the  electrical 
plate  lies  at  the  anterior  wall  of  each  conipartnient.  (M.  Scluütze.) 

these,  form  cônes  with  pointed  anterior  ends,  fîtting  parallel  into 
one  another  (Fig.  245).  Fig.  247  gives  a good  représentation  of 
the  arrangement  of  the  single  compartments  within  the  columns, 
as  well  as  the  position  of  their  contents. 

These  figures  show  that  the  comparatively  thick  plates,  which 
are  irregularly  hounded  on  the  posterior  side,  are  attached  to  the 
anterior  wall  of  each  compartment,  and  occupy  about  one-third 
of  the  availahle  inner  space.  Under  a higher  power  the  plates 
are  seen  (Fig.  248)  to  be  surrounded  by  gelatinous  connective 
tissue,  which  fixes  them  within  the  cavity  of  the  compartment. 
The  nerves  to  eaeh  compartment  travel,  as  Külliker  (16)  showed, 
from  the  anterior  wall  to  the  anterior  plane,  or  gohlet-shaped 
surface  of  the  jilate,  forming  hy  rapid  division  a rich  plexus  of 
non-medullated  fibres.  lhe  true  mode  of  ending  is  of  course 
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Fig.  246. — T.S.  of  Raja  hatis.  0=T.S.  of 
the  organ.  (Burdon-Sanderson  and 
Gotcli.) 


Fia.  247. — L.S.  through  electrical  organ 
of  Raja  hatis.  K = comijartinent  ; 
P = electrical  plate.  (Burdon- 
Sanderson  and  Gotch.) 


only  to  be  foimcl  on  the  surfaces  of  the  plate,  i.e.  at  the  cross- 
section  of  the  colunins,  but  it  bas  not  yet  heen  accurately 
determined.  M.  Schnltze  (Le.  p.  201)  descrihes  a net  with 
narrow  meshes,  applied  almost  directly  to  the  anterior  surface 
of  eacli  plate.  It  is  set  with  numerous  nuclei,  and  is  further 


Fig.  2iS.—Raja  hatis.  Part  of  a compartment  with  cross-section  of  enclosed  plate  (L.S.  of  the 
organ).  -ii=nervous  layer;  m = ineandoring  layer  ; p=xiapillary  layer(alveolarlayer).  (Burdon- 
Sanderson  and  Gotch.) 


continued  posteriorly  into  a much  finer  network,  e.xhibiting 
as  a wliole  the  saine  cliaracteristics  as  the  net  descrihed  by 
Schnltze  and  Kolliker  in  the  Torpédo  plate,  and  fuses  directly  with 
the  substance  of  the  plate.  Bahuchin  failed  to  assure  hiniself  of 
the  existence  of  tins  net,  and  Burdon-Sanderson  and  Gotch  (13  c, 
p.  142)  were  uncertain  as  to  the  exact  mode  of  ending.  Beyond 
the  nucleated  zone  into  which  the  nerve  expands,  there  is  at  the 
cross-section  of  the  plate  a tolerahly  thick  layer  without  laininæ 
(meandering  layer),  the  single  strata  of  which  lie  parallel  with 


XI 


ELECTRICAL  FISHES 


379 


and  horizontally  over  each  other  {H.  hatis),  or  are  much  bent 
and  nndnlating  {R.  circularis).  In  hninediate  contact  with 
this  is  a stratnni  that  is  frc(][uently  drawn  ont  into  papilli- 
form  processes,  siinilar  in  character  to  the  nucleated  zone  which 
invests  the  anterior  surface  of  the  entire  plate,  and  fonning  the 
IJOsterior  border  of  the  plate  ; this  consists  of  a finely-granulated 
mass  of  protoplasm  richly  set  with  nuclei. 

Eecent  investigations  of  Fritsch  (12  i)  hâve  contributed  to 
our  knowledge  of  the  structure  and  innervation  of  the  Mormyrus 
organ.  Here,  again,  there  are  coinpartnients  of  connective 
tissue  filled  with  gelatinous  substance,  and  containing  plates  ; but 
the  finer  structure  seems  to  differ  in  many  points.  The  nerve 
enters  by  nieans  of  spécial  prolongations  of  the  plates,  which  are 
club-shaped,  and  terminate  in  a conical,  pointed  form  (“  cônes  ”), 
which  Fritsch  compares  with  the  expanded  motor  end-plate  of 
muscles. 

In  Mormyridœ,  as  in  Toriyedo,  the  fibres  of  the  electrical 
nerves  (corresponding  with  the  situation  of  the  organ  in  the  tail) 
“are  broad,  unbranched  axis-cylinder  processes  from  large 
ganglion-cells,  which  at  given  parts  completely  fill  up  the  gray 
matter  of  the  spinal  cord,  and  then  leave  the  central  organ  as  the 
anterior  roots.  Fritsch  makes  the  important  observation  that 
the  huge  protoplasmic  processes  of  these  parent  cells  form  a 
number  of  short,  broad  anastomoses,  so  that  the  electrical  ganglion- 
cells,  which  form  by  actual  continuity  a narrowly  circumscribed 
complex,  are,  as  it  were,  bound  up  by  a common  fuuctiou. 
Fritsch  rightly  lays  stress  on  this  observation,  since  on  the  one 
hand  it  shows  the  undoubtedly  nervous  character  of  these  proto- 
plasmic processes,  while  on  the  other  it  indicates  the  possibility, 
and,  indeed,  probability,  of  a similar  course  for  the  finest  arborisa- 
tions of  motor  nerve  cells  of  the  spinal  cord  in  other  vertebrates. 

Eveil  from  a more  anatomical  investigation  of  these  “ pseudo- 
electric  organs,”  it  cannot  be  doubted  that  they  are  homologous 
with  striated  muscles,  and  formed  by  the  graduai  transformation 
of  the  latter.  A glance  at  the  tail  of  Mormyrus  cyprindidcs, 
when  skinned,  will  reveal  this,  even  to  an  unpractised  eye.  At  a 
certain  point,  i.e.  near  the  end  of  the  anal  fin,  the  regularly- 
arranged  and  flattened  tendons  of  the  caudal  muscles  suddenly 
lose  their  solid,  fieshy  attachment,  as  described  by  Fritsch,  and 
stretch  superficially  across  a transparent  gelatinous  mass,  the 
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discoid  structure  of  wliich  at  once  betrays  it  as  an  electrical  organ 
(Fritscli).  It  is  more  difficult  to  prove  the  inuscular  origin  of 
the  electrical  organ  in  the  Tor-pcdinidcE  and  in  Gymnotus.  The 
evidence  inust  be  sougbt  in  the  developmental  history,  and  in 
comparative  anatomy. 

Torpcdo  is  peculiarly  adapted  for  the  study  of  ontogenetical 
development.  “Tins  viviparous  fish  bears  its  young  within  itself 
to  an  advanced  stage  of  growth,  so  that  the  newly-born  fishes  are 
already  6-8  cm.  long,  and  able  to  give  distinct  electric  shocks  ” 
(Fritsch). 

The  best  observations  in  this  department  of  anatomy,  with  its 
important  physiological  bearings,  are  those  of  Babuchin  (1),  and 
more  recently  Fritsch  (12)  ; de  Sanctis  having  previously  given  an 
erroneous  description  of  the  development  of  Torpédo.  Ewart 
(10)  and  Engelmann  (8)  hâve  contributed  further  data  of  import- 
ance to  the  “ pseudo-electrical  ” organ  of  Raja. 

With  regard  to  the  development  of  the  external  form  of  the 
body  in  Torpédo,  de  Sanctis  distinguishes  three  main  stages, 
squaliform,  rayiform,  and  torpediniform.  At  the  end  of  the 
first  stage  the  position  of  the  electrical  organ  can  already  be 
recognised  externally  ; swellings — which  soon  fuse  together — 
make  their  appearance  upon  the  viscéral  arches  at  the  point  where 
these  bend  to  the  ventral  side.  As  soon  as  the  trunk  widens, 
the  einbryo  assumes  the  form  of  the  comnion  ray  (stadium  rayi- 
formc),  and  the  continuons  forward  progression  of  the  dises  at 
last  complétés  the  characteristic  rounded  form  of  the  electrical 
ray.  At  this  stage  the  electrical  organ  of  the  then  developed, 
but  still  unborn,  fishes  exhibits  under  the  lens  a délicate 
punctuation — the  indications  of  the  already  perfected  column 
(Fritsch). 

At  a very  early  stage  in  the  development  of  the  gill-arches, 
as  described  above,  these  appear  to  consist  of  bundles  of  elon- 
gated  cells,  invested  by  others  of  a rounded,  embryonic  character, 
and  in  ail  respects  siniilar  to  embryonic  muscle-fibres.  The  déli- 
cate cross-striation  may  be  recognised  in  situ,  still  better  on  the 
isolated  fibre  (Fig.  249,  a).  The  fibres,  which  are  at  first  small, 
containing  only  one  or  two  nuclei,  bear  many  nuclei  later  on,  and 
swell  up  at  the  ventral  end,  where  a multitude  of  nuclei  are 
fornied  hy  rapid  division,  and  lie  ail  together,  while  the  plasma 
surrounding  the  terminal  part  increases  in  bulle,  and  exhibits  a 
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kincl  of  swelling  (Fig.  249,  h,  c,  d).  The  whole  is  suggestive 
“ of  a tassel,  hanging  from  a loop  set  with  knots  (muscle-nuclei)  ” 
(Babuchiu).  Striated  fibrils  from  the  fibres  of  the  trimk  extend 
into  the  bladder-like  swelling,  described  by  Eabuchin,  on  account 
of  its  being  the  initial  stage  of  an  electrical  plate,  as  the  plate- 
rudiment  (“  plattc)ibild7ier  ”).  Fritsch  defines  tlieni  as  “ young 


d 


plates,”  silice  with  continued  growth  they  are  transformed  directly 
into  the  final  structure,  and  he  believes  that  the  characteristic 
pear-shaped  forni  of  Babuchin’s  figures  inust  be  referred  to  the 
swelling  eff'ect  of  the  macerating  methods  employed.  He  hiin- 
self,  like  Krause  (17),  finds  them  more  loaf-shaped.  The 
unequal  length  of  the  single  muscle -fibres,  which  form  the 
foundation  substrate  of  a column,  causes  the  plates  to  be  of 
different  heights  in  longitudinal  section  (Fig.  250). 

“ The  non-swollen  section  of  the  muscle-filires  always  remains 
at  the  saine  stage  of  embryonic  development,  and  finally  forms  a 
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long,  narrow,  still  plainly  striated  stalk  to  tlie  plate-rudimeut, 
which  lias  meantime  increased  considerably  in  breadth  owing  to 
prolifération  of  nnclei.  Its  ventral  half  consists  of  an  almost 
transparent  plasma  traversed  by  little  fibres  (muscle-fibrils?), 
while  the  characteristic  rounded  nnclei  lie  in  a finely  grannlated 
dorsal  stratum  (Babuchin,  Fig.  249,  é).  An  isolated  colunm  at 
tliis  stage  consists  of  tbick  loaf-shaped  bodies,  not  perfectly  regular, 
and  separated  by  einbryonic  cells.  These  do  not  take  np  the  entire 
width  of  the  column,  but  lie  near  and  over  each  other.”  The 
stalks  (remains  of  primitive  muscle-fibres)  are  often  attached 
laterally  to  the  plate-rudiment,  and  become  steadily  thinner, 

subsequently  disappearing  altogether, 
while  the  latter  now  finally  assume  the 
shape  of  very  thin  plates,  and  fill  up  the 
entire  cross  - section  of  the  column. 
Isolation  of  the  plates  is  very  difficult  at 
this  stage,  seeing  that  the  external  border 
cells  gradually  coalesce  into  a firm  sheath 
of  connective  tissue  round  the  electrical 
prisms.  Little  as  the  structure  of  a 
complété  column  of  Torpédo  recalls  a 
striated  muscle  structure,  there  cannot,  in 
view  of  the  above  facts,  be  the  slightest 
doubt  as  to  the  genetic  relations  between 
the  two  tissues,  and  one  of  the  most 
significant  advances,  not  nierely  in  the 

pi'ysioiogy 

plate.  (Babuchin.)  elcctrical  orgaii,  was  the  discovery 

by  Babuchin  of  this  connection.  As  Engelmann  remarks  (8,  p. 
149),  “ ISTowhere  else  in  nature  hâve  we,  side  by  side,  and  so 
completely  accessible  to  research,  the  anatomical  and  physiological 
factors  for  the  vital  production  of  mechanical  and  electrical 
energy.” 

Unfortunately  ail  attempts  made  by  C.  Sachs  to  détermine 
the  einbryonic  development  of  the  oi’gan  of  Gymnotus  were 
fruitless,  and  we  can  only  conjecture  that  it  occurs  in  the  saine 
way,  generally  speaking,  as  in  Torpédo. 

In  the  Bay,  on  the  other  hand,  there  is  no  doubt  as  to  the 
very  interesting  development  of  the  less  highly  differentiated 
pseudo-electric  organs. 
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Here  we  no  longer  hâve  nndeveloped  emhryonic  muscle-fibres, 
but  sucb  fis  fire  conipletely  dillerenticited,  sti’ifited,  find  cfipfible  ol 
functioning,  from  wbicb,  “ fit  a late  inoment  of  post-enibryonic 
life,”  a spécial  modification  gives  rise  to  tbe  éléments  of  tbe 
electrical  organs. 

It  can  be  demonstrated  in  ail  certainty  that  tbe  meandering 
layer  of  tbe  plate,  as  described  above,  is  directly  derived  from  tbe 
striated  substance,  more  especially  in  Raja  racliata,  wbere,  as 
Ewart  sbows,  it  bas  tbe  appearance  of  normal  striated  muscle 


substance,  even  in  tbe  fully-developed  animal.  Between  tbis,  tbe 
phylogenetically  lowest,  to  tbe  higbest  forms,  wbicb  are  dis- 
tingnished  by  a complicated  meandering  course  {B.  circularis,  bâtis), 
there  is  every  possible  transition. 

As  bas  been  said,  eacb  single  plate  of  Raja  bâtis  consists, 
apart  from  tbe  surrounding  connective  tissue  and  ingoing  nerves 
and  vessels,  of  an  anterior  stratum  of  plasma  with  embedded 
nuclei,  wbicb  is  very  probably  homologous  witb  tbe  niotor  end- 
plates  of  striated  muscle,  and  in  wbicb  tlie  numerous  and  at  first 
dicbotomously  brancbing  nerves  terminate. 

Tben  follows  tbe  non-lamellated  layer,  of  parallel  striation  in 
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cross-section  ; and  finally  the  “ alveolar  ” layer,  once  more  richly 
set  witli  nuclei,  winch  Ewart  (10)  aptly  compai’es  with  the  bayed 
inner  wall  of  the  frog’s  lung.  From  this  layer  there  is,  moreover, 
a long  stalk-like  process  which  extends  backwards  through  the 
nmcous  tissue  of  the  coinpartment,  and  ends  in  the  connective 
tissne  wall  of  the  chamher  (Fig.  251). 

In  very  young  embryos  of  H.  hatis  there  is  no  trace  of  any 
electrical  organ  as  such.  It  is  only  at  a length  of  about 
7 cm.  that  a horizontal  longitudinal  section  through  the  tail 
exhibits,  between  the  ordinary  normal  fibres,  others  which  must 
be  reuarded  as  in  the  first  stage  of  transformation  into  electrical 
plates  (Fig.  252,  a).  This  is  at  first  shown  only  by  a club-like 
swelling  of  the  anterior  end  (where  a nerve  enters  with  copions 
bifurcation),  and  a striking  prolifération  of  nuclei,  resulting 
finally  in  a sort  of  end-plate  or  cap,  with  which  the  head  of  the 
club  is  invested.  The  further  stages  of  transformation  are  intelli- 
gible without  more  description  from  the  figures  (Fig.  252,  h,  c,  d), 
drawn  from  préparations  from  an  older  embryo  10  cm.  long. 
Here  it  is  easy  to  recognise  ail  the  essential  parts  of  the  developed 
electrical  plate — the  nucleated  nerve  end-plate  at  the  top,  the 
non-nucleated,  striated  meandering  layer,  with  its  undoubted  rela- 
tion to  the  original  cross-striation  of  the  muscle-fibre,  and  lastly 
the  alveolar  stratum  (e,/)  derived  from  an  exubérance  of  the  sarco- 
plasm  and  (muscle-)  nuclei  at  the  base  of  the  club,  with  the  tail- 
like  appendage  of  the  atrophied  stalk  of  the  plate  as  the  remains 
of  the  original  fibre.  This  long  exhibits  indications  of  cross- 
striation,  and  may  under  certain  conditions  be  detected  even  in 
the  perfectly  developed  plate. 

The  electrical  organ  of  B.  circularis  is  longer,  but  much 
smaller.  It  consists  of  curved  goblet-shaped  plates,  correspond- 
ing  essentially  with  those  in  B.  hatis,  where  there  are  already 
indications  of  a goblet-like  pitting  of  the  initially  club-shaped 
and  swollen  ends  of  the  muscle-fibres. 

The  approximately  parallel  lamellæ  of  the  meandering  stratum 
in  B.  hatis  are  much  curved  in  B.  circularis,  and  the  alveolar 
layer  also  exhibits  a different  structure,  and  présents  a fine 
radial  striation  at  its  base  (Fig.  253).  The  first  trace  of  a 
transformation  of  muscles  into  electrical  tissue  is,  however, 
ascribed  by  Fwart  to  Baja  radiata,  as  shown  on  the  one 
hand  by  the  much  later  commencement  of  the  process,  on 
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the  otlier  by  the  obvions  cross-striation  of  the  fully-cleveloped 
plates. 

The  important  question  of  homologies  between  the  lamellæ  of 


26-2.—Ilaja  halis.  a,  Portion  of  a longitudinal  section  throngh  an  embryo.  Club-sliai)ed  muscle- 
fibres  developing  into  electrical  plate.»,  h-f,  Furtlier  stage.s  of  development.  (Ewart.) 


the  matured  laminated  layer,  and  the  transverse  striæ  of  muscular 
filjres,  was  till  recently  quite  undecided.  ïhe  careful  investiga- 
tions of  Engelmann  hâve  thrown  some  light  on  the  subject. 
VOL.  Il  2 c 
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Exact  comparative  observation  of  tlie  different  stages  in  the 
development  of  the  organ  in  Raja  clavata  in  the  sanie  embryo, 


/ 


7^-  cm.  in  length  (Fig.  254,  a—e),  leaves  no  doubt  that  botli  the 
small,  dark,  and  the  broad,  clear,  transverse  striæ  of  tlie  original 
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Fio.  253. — Raja  cîrcidaris.  Portion  of  L.W.  through  aii  electrical  goblet.  »i=nervous  and 
nucleated  layer  ; ?»=ineandering  layer  ; a=alveolar  stratum.  (Ewart.) 

refractile  lamellæ,  with  the  iiietabolous  (anisotropous)  layers  of 
striatecl  muscle,  under  a very  high  power.  In  this  process  of 
transformation,  the  superficial  growth  of  the  lamellæ  increases 
vertically  to  the  fibre-axis  on  the  one  hand  in  a marked  degree, 
while  on  the  other  the  height  of  the  layers  also  increases  doubly 
and  trebly.  Along  with  this  there  are  fundamental  alterations  in 
the  morphological  and  physico-chemical  reaction  of  the  two  layers, 
expressed  above  ail  in  polarised  light  by  the  marked  diminution 
in  double  refractability,  which  “ in  the  metabolous  layers  beconies 


muscle-fibres  correspond  with  the  siniilar  ci-oss-bands  in  the 
lamellar  stratum  of  the  fully  - developed  plate.  Not  merely 
préparations  at  different  stages,  but  the  same  individual  fihre 
will  présent  every  transition  froin  the  “ typical  striated  muscle 
substance,  to  the  typical  meandering  stratum  of  the  perfect 
electrical  organ.”  Still  plainer  is  the  homology  between  the 
thiu,  strongly- refractile  lamellæ  of  the  electrical  organ  and  the 
arimetabolous  (isotropous)  layers,  and  that  of  the  thick,  weakly- 
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îiliiiost  imperceptible,  before  any  other  alteration  due  to  tlie  trans- 
formation can  be  discovered.”  The  strong  surface -growth  of 
lamellæ  dépends  (as  Engelmann  showed),  préviens  to  the  forma- 
tion of  loculi,  essentially  tipoii  multiplication  of  the  fibrils  at  the 
periphery  of  the  lamellæ,  not  upon  the  thickening  of  those  which 


Fio.  254. — Raja  davata.  Successive  stages  in  the  development  of  an  electrical  plate  from  a cross- 

striated  muscle-fibre.  (Engelmann.) 


already  exist,  or  upon  the  widening  of  the  inter-librillar  spaces. 
Later  on,  in  the  perfected  organ,  no  librillated  structure  of  the 
lamelhe  can  be  detected. 

If  the  optical  alterations  in  the  séries  of  strata  during  the 
development  of  the  electrical  are  compared  with  those  seen  in 
vigorous,  physiological  contraction,  there  are  striking  coincideuces, 
as  pointed  ont  by  Engelmann.  On  the  one  hand,  the  arimetabolous 
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(isotropous)  laniellci3  becoine  “ optically  more  homogeneous,  iiioie 
stroiigly  refracting  on  tire  whole,  and  tlierefore  firinei’  (less  wateiy), 
wliile  on  tlie  otlier  tlie  inetabolous  strata  QDarticulaily  tliose 
of  the  transverse  dises)  lose  in  refractability,  wliich  simultaneonsly 
diininislies  tbeir  power  of  double  refraction.  Tlie  aniount  of  tliis 
diminution  is,  liowever,  “ nil  in  contraction,  as  compared  with  that 
in  the  transformation  of  muscle-fibres  into  the  meandering  layer  of 
the  electrical  compartments.”  It  is,  moreover,  apparent  at  such  an 
early  stage  of  development  (previous  to  the  club-shaped  swelling 
of  the  proximal  end  ol  the  muscle-fibre)  that  no  other  sign  of 
approaching  transformation  can  yet  be  detected.  At  this  point, 
agaiu,  the  phylogenetically  younger  status  of  the  organs  of  Raja 
radiata  is  apparent,  since  the  double  refractility  here  dis- 
appears  much  more  slowly  and  incompletely  than  in  other  kinds 
of  the  sanie  species  {R.  hatis,  cla,vata,  circularis).  This  reaction 
during  the  transformation  into  electrical  organs  gives  substantial 
confirmation  to  Engehnann’s  conjecture  that  “ only  the  doubly- 
refracting  metabolous  éléments  of  the  muscle-fibrils  are  the  seat 
and  source  of  the  coutractility  of  the  muscle.” 

The  development  of  the  “ pseudo-electric  ” organ  in  Mormyrus 
is  much  less  certain  than  that  of  Raja.  Yet  hei’e,  too,  Babuchin 
(1)  was  able,  on  investigating  six  varieties  of  the  species,  to  State 
definitely  that  “ the  electrical  organs  are  again  developed  froni 
muscles,  and  retain  their  muscular  characteristics  even  when  the 
formation  is  perfect.”  Each  “plate”  of  Mormyrus  consiste  of 
three  laminæ  that  can  be  separated  from  one  another,  the  two 
outer  being  “ structureless,  invested  from  the  inner  skie  with  a 
layer  of  granulated  substance,  and  set  with  numerous  rounded 
nuclei.”  One  of  these  laminæ  is  the  immédiate  prolongation  of 
the  sheath  of  the  pale  (ingoing)  nerve-fibres.  The  middle  layer 
consists  exclusively  of  very  thin  fiattened  muscle-fibres  or  bands, 
lying  irregularly  near  each  other.  Each  single  fibre  is  sharply 
striated,  while  collectively  they  form  a muscular  lamina  of 
firmer  consistency  towards  the  border  of  the  electrical  plate  than 
in  the  centre,  with  no  meandering  markings.  According  to 
Babuchin,  therefore,  the  electrical  plate  of  Mormyrus  does  not 
correspond  ontogenetically  with  a single  metamorphosed  nerve- 
filme,  as  in  Torpédo  or  Raja,  but  with  “ an  entire  bundle  of  short 
muscle-fibres,  as  found  in  the  latéral  trunk-muscles  of  fishes.” 
Eritsch  (12),  too,  affirms  that  a tissue  of  varying  density  is 
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visible  in  fine  transverse  sections  of  Mormyrus  plates,  “ which 
préservés  the  complicated  cross-striation  of  the  muscle  in  an 
extraorclinary  clegree.”  This  forms  the  middle  stratum  of  each 
plate  ; the  anterior  exhibits  a délicate  longitudinal  striation 
(analogous  to  the  palisade  border  of  the  Torpédo  plate),  beneath 
a fine  cuticular  border. 

If  it  is  thus  certain  that  the  electrical  organs  so  far  described 
are  to  be  viewed  collectively  as  transformed,  and  specially 
differentiated,  striated  muscles,  the  most  superficial  anatomical 
comparison  serves  on  the  other  hand  to  show  that  quite  different 
groups  of  muscles  are  in  each  several  case  the  starting-point  of 
this  marvellous  process  of  différentiation.  Thus  in  Torpédo  the 
external  layer  of  the  small  muscles  of  the  bronchial  apparatus, 
and  the  external  muscles  of  the  jaw  which  are  so  marked  in  the 
allied  ray,  are  wanting  ; in  Gymnotus  the  deepest  part  of  the 
ventral  trunk-muscles,  save  the  small  remnant  known  above  as 
the  “ intermediate  muscular  layer,”  is  transformed  into  the  large 
electrical  organs,  while  the  small  organs  are  derived  from  the  upper 
part  of  the  inner  muscles  of  the  fins.  In  Gymnarclms,  again,  the 
electrical  organ  corresponds  with  the  central  portion  of  the 
latéral  muscles,  while  in  Mormyrus  and  Raja  the  parts  of  the 
caudal  muscles  adjacent  to  the  latéral  Unes  afford  the  material  of 
the  “ imperfect  ” organ.  The  appearance  of  the  electrical  organ 
is  not  therefore  confined  topographically  to  any  definite  région, 
but  every  group  of  muscles,  the  normal  functioning  of  which  is  not 
indispensable  to  the  existence  of  the  individual,  may  be  held  as  an 
adéquate  substrate  for  the  development  of  an  electrical  organ  (G. 
Fritsch,  12). 

If  a transverse  section  through  the  trunk  of  Malapterurus, 
which,  as  regards  its  muscles,  is  nearest  to  Gymnotus,  is  com- 
pared  with  a similar  section  of  the  latter,  it  is  easy  on  either  side 
to  detect  the  transverse  sections  of  the  four  latéral  trunk-muscles 
so  characteristic  of  the  bony  fishes  {M.  latérales  prop'ii  inferiores 
et  super ior es,  Fig.  255,  a,  b [d/s]  and  \_Mi\,  and  M.  latcrcdcs  dorsales 
et  ventrales,  \mcï\  and  \inv'\  of  the  figures).  These,  as  shown  more 
particularly  from  the  latéral  aspect,  are  divided  segmentally  in 
the  long  axis  of  the  fish  by  the  zigzag  ligamenta  intcrmuscularia, 
the  single  dises,  each  corresponding  with  a segment,  being  trans- 
formed into  hollow  cônes,  which  are,  as  it  were,  inserted  into 
each  other.  Malapterurus  is  distinguished  from  other  bony  fishes 
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by  the  appearance  of  a group  of  muscles,  given  off  from  the  flat 
abdominal  muscles,  and  beginning  beliind  the  shoulder-girdle. 
These  diminish  rapidly  in  size,  and  run  as  a clearly  marked  band 
of  muscles  below  the  latéral  muscles  proper,  to  the  caudal  end 
{M.lateralis  imus  [me],  Fritsch).  The  latéral  aspect  further  shows 
this  strip  to  be  distinctly  curved  towards  the  horizontal  behind 
the  ligamenta  intermuscularia,  so  that  the  short  bundles  of 
primitive  muscle-fibres  stretched  between  them  are  presented  as 
low,  narrow  compartments.  It  is  easy,  especially  in  cross- 
section,  to  see  that  the  position  of  the  large  electrical  organs 


Fig.  255.— a,  T.S.  from  tail  of  Silunis  glanis;  i,  T.S.  from  the  fourth  i of  Gymnotus.  (Fritsch.) 

of  Gymnotus  corresponds  throughout  with  that  of  the  band  of 
muscle  just  described  in  Malai^temirus,  which  is  here  wanting, 
and  has  by  its  transformation  given  rise  to  the  organ.  There  is 
no  less  certain  proof  that  the  so-called  small  organ  of  Gymnotus 
has  been  formed  by  the  transformation  of  a part  of  the  lower 
muscles  of  the  fins.  In  correspondence  with  the  very  scanty 
development  of  the  dorsal  fin,  two  small  triangular  sections 
of  muscles  only  are  left  in  the  cross  - sections  of  both  Malap- 
terurus  and  Gymnotus,  beneath  the  skin  of  the  back  (Fig.  255, 
a,  h,  mp).  On  the  other  hand,  there  are,  on  the  ventral  aspect 
of  the  cross-section,  on  both  sides  from  the  médian  plane,  two 
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Systems  of  transversely  - divided  fin  muscles  (external  and 
internai,  Fig.  255  whicli  are  especially  numerous  and 

well  developed  in  Gymnotus,  and  increase  posteriorly  in  number 
and  extension.  The  small  organ  increases  similarly  in  height, 
wliile  the  number  of  prisms  in  the  large  organ,  on  the  other 
liand,  decreases  towards  the  caudal  end,  “ since  they  become 
rolled  up  underneath,  and  leave  the  latéral  surface  of  the 
body.”  In  the  région  where  the  small  organs  are  fully  developed, 
the  upper  bundles  of  the  deep  fin  muscles  are  wanting,  so  that 
the  genetic  relation  between  the  two  is  unmistakable.  8o, 


Fig.  25(i. — Homology  betweoii  tlie  electrical  organs  (0)  of  Tm'pedo,  and  tlie  innscle  of  the 
cominon  Ray  (KM).  (Fritsch.) 


too,  in  the  Torpcdinidœ,  where  the  powerful  jaw  muscles  of 
the  common  ray  (Fig.  256,  h [.O/]),  which  are  balled  into  a 
clump,  fail  almost  entirely,  and  are  reduced  to  an  insignificant 
vestige.  This  chietly  involves  the  external  or  ventrally- 
developed  muscles  of  the  gill  chamber,  representing  the  System 
of  the  addîtctorcs  arcimm  and  the  so-called  constrictor  com- 
munis  supcrficialis  (Fritsch),  which  here  correspond  functionally 
with  the  masseter,  pterygoid,  and  temporal  muscles.  The  con- 
strictor seems  more  especially  to  hâve  yielded  the  éléments  for 
the  posterior  part  of  the  organ,  while  the  broad,  anterior 
portion  seems  to  dérivé  more  particularly  from  the  modification 
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of  tlie  adductor  (Vetter,  “Kiemeu-  u.  Kiefer-muskulatur  der  Fische,” 
Jcnaische  Zcitsclir.  VIII.). 

As  regards  tlie  developmental  processes  of  tlie  electrical 
organs,  it  is  a priori  improbable  that  the  niimber  of  separate 
éléments  (plates  or  columns)  should  increase  with  the  growth  of 
the  iiidividual.  Even  in  1839  it  was  affirmed  by  Delle  Chiaje 
“ that  the  columns  of  the  electric  ray  grow  by  intussusception 
(the  same  number  being  developed  as  exists  in  miniature  in  the 
embryo),  merely  by  graduai  increase  in  mass  and  size.”  E. 
Wagner  in  1847  defended  this  statement  against  Valentin  and 
Babuchin,  extending  it  to  the  number  of  plates  in  the  columns, 
and  tracing  it  back  to  its  embryological  origin.  This  dictum  of 
the  preformation  of  the  electrical  clcmcnts  makes  the  number  of 
columns  (and  plates)  in  different  individuals  of  the  same  species 
of  electrical  fishes  to  be  approximately  the  same,  whether  the 
animais  are  examined  young  and  small,  or  when  fully  developed. 

Du  Bois-Keymond  (4  e,  p.  403)  put  together  in  the  following 
table  (Table  I.)  ail  the  estimâtes  then  made  of  the  columns  in  the 
electrical  organs  of  Torpcdiniclce. 

In  these  the  calculation  from  the  fœtus  of  Torpédo  ocellata 
speaks  very  decidedly  in  favour  of  the  above  conclusion.  The 
anomalous  and  divergent  results  of  Valentin  and  Girardi,  however, 
leave  an  uncertainty  which  at  first  drove  du  Bois-Eeymond 
also  to  the  conclusion  “ that  the  deposit  of  columns  in  different 
individuals  of  the  same  species  was  initially  different,  and  did  not 
alter  subsequently.”  Marked  déviations  in  number  of  columns, 
exceeding  the  range  of  individual  variations  (such  as  the  cases 
cited  by  Hunter  and  Henle  in  the  above  tables),  would  of  course, 
on  the  preformation  theory,  be  ascribed  to  différence  of  species. 
Fritsch  took  the  trouble  to  review  the  family  of  Torpedinidœ 
from  this  standpoint,  and  the  following  data  (Table  II.)  give 
some  examples  from  bis  numerous  calculations  (Fritsch,  12). 


[Table 
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Table  I.  ISTumber  of  Colümns  in  the  Electrical  Organs 

OF  DIFFERENT  TORPEDINIDÆ 


Spreies. 

Length. 

Numb 

Left. 

er  of  Columns 
Single. 

in  Organ. 
Right. 

Expérimenter. 

r 

1 

1 

Raja  torpédo  . . -{ 

i 

niiii. 

1219 

457 

520 

290 

1182 

470 

420 

480 

5i4 

265 

jHunter 

1 

y Girardi 

1 

J 

I'.  Galvauii  . 

,,  (fœtus). 

273 

82 

410 

298 

Valentin 

{ 

T.  marmorata  . -{ 

t 

262 

393 

230 

449 

420 

420 

R.  Wagner 
j-  Leukart 

Fœtus  of  T.ocellata 
With  yolk-sack  . 

81 

400 

410 

Leukart 
R.  Wagner 

Narcine  dipterygia 

61 

130 

Henle 

Table  II.  ISTumber  of  Columns  in  one  Electrical  Organ 

OF  Torpedinidæ 


Species. 

Leng 

Fish. 

th  of 
Organ. 

Number  o 
Dorsal. 

Columns. 

Ventral. 

Différence. 

Torpédo  ocellata 

mm. 

1-21 

mm. 

37 

487 

491 

- 4 

,,  marmorata 

216 

66 

469 

536 

- 67 

,,  ocellata 

161 

68 

406 

335 

98 

379 

404 

-25 

373 

114 

396 

426 

-30 

,,  marmorata 

357 

123 

446 

484 

-38 

,,  ocellata 

405 

128 

404 

436 

-32 

From  this  it  appears  that  the  number  of  columns  is  not  the 
same  on  the  dorsal  and  ventral  surfaces,  but  varies  to  a considér- 
able extent.  It  is  questionable  whether  this  is  due  to  a free 
ending  of  the  columns  within  the  organ  (as  is  the  case  in  Gym- 
notas  also).  In  the  sense  of  the  preforniation  theory,  on  the 
other  hand,  the  number  of  columns  remains  approximately  equal, 
with  variations  in  the  length  of  the  organ  of  37—128  mm.  The 
same  appears  froin  Babuchin’s  later  calculations  from  a mother- 
tish  42  cm.  long,  and  3 embryos  of  10^  cm.  long,  with  a gut 
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still  lilled  with  yolk.  The  number  of  prisms  in  these  was  478, 
467,  443,  while  in  tlie  Ibriner  it  was  471. 

Species  of  TorpecUnidœ  {T.  marmorata,  ocellata,  panthera) 
which  are  otherwise  quite  characteristic,  exhibit  only  sinall  and 
inessential  différences  in  tbe  number  of  columns.  On  the  other 
band,  Fritsch  confirms  the  strikingly  small  estimate  (146)  in 
Astmpc  diptcrygia,  already  given  by  Henle,  finding  equally  low 
numbers  of  columns  in  other  species  of  Narcine,  cf.  N.  tas- 
manicnsis,  New  Zealand,  278  ; Æ Unguia,  China,  274  ; N.  timlei, 
230  ; N.  indica,  145  ; Astrape  capensis,  147  ; and  Tentera  Hard- 
wickii,  139.  On  the  other  band,  there  is  an  unusually  large 
number  of  columns  in  a speckled  degenerate  type  of  Torpédo 
marmorata  (var.  anmdata).  Fritsch  was  able  in  Vienna  to 
investigate  two  examples  of  the  giant  (152  cm.  long)  American 
T.  (Gymnotorpedd)  occidentalis,  in  which  he  found  over  1000 
columns  (1037),  so  that  it  is  natural  to  regard  the  example 
quoted  above  from  Hunter  as  one  of  the  same  species  brought  to 
the  English  shores  by  the  Gulf  Stream.  To  this,  the  largest  species 
extant,  must  be  added,  in  view  of  the  number  of  its  prisms,  T. 
(Grymnotojpedo)  hebetans  (Lowe),  the  only  specimen  of  which,  in  the 
British  Muséum,  contains  1025  prisms,  although  it  is  no  larger 
than  a medium-sized  T.  marmorata.  The  rare  T.  (Gymnotorpedo) 
californica,  from  the  west  coast  of  Africa,  is  equally  distinguished 
by  its  small  size  and  large  number  of  columns. 

It  is  much  more  diffieult  to  détermine  the  number  of  columns 
in  Gymnotus,  more  partieularly,  according  to  Fritsch,  in  the  pos- 
terior  section  of  the  body,  which  présents  the  greatest  structural 
irregularities.  The  total  sum  of  ail  the  columns  in  the  large  organ 
seems,  from  Fritsch’s  investigations,  to  vary  within  a wide  range, 
since  it  falls  below  50  in  some  instances,  while  in  others  it  is 
nearly  100.  The  greatest  number  is  always  found  in  the  smaller 
individuals  of  Gymnotus.  Whether  this  is  due  to  arrested  develop- 
ment, or  to  différences  of  sex,  race,  or  species,  cannot  be  decided. 

The  exact  détermination  of  the  number  of  plates  in  the 
columns  of  the  organ  would  be  theoretically  of  great  value  ; un- 
fortunately  the  data  are  not  satisfactory.  “ There  are,  on  an 
average,  10  plates  to  the  millimétré  in  the  electric  eel,  and  since 
the  organs  are  about  80  cm.  long  in  a medium-sized  animal,  1 
métré  in  length,  this  would  give  8000  plates  one  beliind  the 
other,  without  reckoning  the  wide  compartments  of  Sachs’  bundle 
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of  columiis”  (du  Bois-Reymond).  Valentin  gives  only  5150, 
Pacini  only  4000.  Plunter  reckons  150  plates  in  a column  2 5 ‘4 
mm.  long  of  a medium-sized  ray;  Leukart,  180;  Pacini,  reckon- 
ing  the  height  of  column  at  40  mm.,  counted  2000  plates,  wliile 
Valentin  only  finds  about  300  plates  in  medium  columns  (of  ll'o 
mm.).  The  figures  tlius  vary  considei’ably,  as  is  not  surprising 
when  one  reflects  on  the  difficulties  of  énumération,  even  -with 
the  most  favourable  conditions  of  préservation.  Fritsch  (12  (j,  ii. 
p.  1105)  estimâtes  the  number  of  plates  in  a column  of  Torpcdo 
{Fivibriotorijedo)  marmorata  (length  of  body,  265  mm.)  13‘5  mm. 
high,  at  about  375;  since  the  organ  contaius  479  columns,  the 
total  number  of  plates  would  be  179,625  ; in  T.  ocellata,  with  an 
average  cohunn  number  of  433  (height  of  column  usually  6 '2 5 
mm.)  and  a content  of  380  plates,  the  sum  total  would  be 
164,540  plates.  These  measurements  also  bring  out  the  further 
and  striking  point  that  “ the  plates  are  doser  together  in  the  lower 
than  in  the  higher  columns  of  the  saine  organ,”  so  that  the 
growth  of  the  latter  is  in  this  respect  also  “ a process  of  swelling, 
leading  to  the  divergence  of  the  plates,”  which  on  growing  increase 
in  diameter,  as  found  by  Boll. 

There  is  another  method  of  determining  the  number  of  plates 
in  the  organ  of  Torpédo.  If,  as  cannot  be  doubted,  each  fibre 
of  the  electrical  nerve  is  to  be  regarded  as  the  axis-cylinder 
process  of  a ganglion-cell  of  the  electric  lobe,  it  is  évident  that 
definite  and  regular  relations  niust  exist  between  the  number  of 
cells  and  the  number  of  plates  in  the  entire  organ.  If  the  total 
number  of  cells  = N,  these  will,  by  means  of  the  corrélative  N 
axis-cylinders,  which  each  divide  into  18  branches,  and  supply 

1 8 

the  6 corners  of  each  plate,  innervate  IST  x — = 3 IST  plates.  From 

6 

this  point  of  view  the  énumération  of  ganglion-cells  in  the  lobe 
is  of  o'reat  interest.  After  Boll  had  undertaken  a research  in 

O 

this  direction,  estimating  a number  of  53,760  cells,  which  is  far 
too  low,  Fritsch  adopted  the  much  safer  method  of  counting  the 
axis-cylinders  in  the  electrical  nerves  by  photographing  sections 
of  tbe  four  nerve-trunks.  He  obtained  a total  of  58,318  nerve- 
fibres,  which  on  multiplying  by  3 gives  the  number  of  plates  as 
174,964.  This  agréés  with  the  number  as  given  above  at 
179,625  sufficiently  to  justify  the  method. 
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The  Electi'ical  Cat-fisli  {Malapteritruii  dectricus),  the  lîariscli  of 
the  Arabs,  which  inhabits  maiiy  of  the  rivers  of  Central  Africa,  is 
an  exception  to  the  other  electrical  fishes,  inasnincli  as  its  powerfnl 
batteries  are  not  due  to  tlie  transformation  of  striated  skeletal 
muscle-fibres,  but  are  localised  in  the  skin,  which  is  in  consé- 
quence transformed  into  a thick,  transparent,  speckled  rind,  which 
loosely  invests  the  greater  part  of  the  trunk,  and  causes  the 
animal  to  look  bulky  and  shapeless.  Tliis  peculiarity  expresses 
itself  internally  in  parallel  folds  of  the  skin,  during  sideway 


Fio.  257. — T.S.  througli  trunk  of  Maliipkrurits. 
M = nmscles;  O = organs.  (G.  Fritsch.) 


Fig.  25S. — Particle  of  skin  of  Malcp- 
terurns  seen  froni  above  ; inagnified. 
(G.  Fritsch.) 


movements  of  the  body.  In  cross-section  it  is  évident  that  this 
rind  invests  the  body  proper  like  a sack,  and  is  separated  from 
the  muscular  surface  by  an  excessively  loose  tissue  (the  so- 
called  integument  of  lludolph),  so  that  it  is  easily  drawn  off 
(Fig.  257).  Between  the  epidermis  proper  and  the  internai, 
tendinous  boundary  of  the  rind  there  is  in  the  fresh  state  a 
transparent,  gelatinous  mass  of  a clear  yellow-gray  colour,  which 
is  unequal  in  consistency,  but  entirely  absent  in  a few  places 
only.  In  the  older  specimens  two  longitudinal  partition  walls 
running  dorsally  and  ventrally  in  the  middle  line  divide  the 
brawn-like  intermediate  mass  symmetrically  into  two  hemi- 
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cylinders  surrounding  the  trunk  on  either  side,  and  these 
represent  the  single,  albeit  bilaterally  symmetrical,  electrical 
organ,  the  weight  of  which,  according  to  Fritsch,  is  more  than 
one-tliird  of  the  total  body  - weight.  “ Anteriorly  it  extends 
laterally  as  far  as  the  pectoral  fin,  superiorly  in  a lobe-like 
prolongation  to  the  région  between  the  eyes,  inferiorly  to  the 
anterior  wall  of  the  shoulder-girdle.  Posteriorly  ; ahove  to  the 
origin  of  the  dorsal  fin,  below  to  the  origin  of  the  anal  fin.”  The 
diameter  is  greatest  in  the  centre  of  the  trunk,  and  a little  in 
front  of  this,  and  gradually  diminishes  towards  the  anterior  and 
posterior  ends  of  the  body. 

The  complété  integrity  of  the  System  of  skeletal  muscles,  both 
anatomically  and  as  compared  with  ail  other  electrical  fishes,  is 
very  remarkable,  and  causes  Fritsch  to  assume  that  the  electrical 
organ  has  not  in  this  case  been  differentiated  from  the  muscles. 
Since  it  here  arises  wholly  from  éléments  of  the  skin,  its  struc- 
ture must  be  described  in  detail. 

XJnder  the  lens  (Fritsch,  12  /)  the  wealth  of  small  conical 
villi  is  especially  remarkable,  between  the  bases  of  which  there 
are  rounded  openings  leading  into  tubular  pits  in  the  epithelium. 
Around  these  there  is  a crowd  of  binuclear  “ club-cells  ” (Fig. 
259),  which  function  as  unicellular  glands,  and  are  well  developed 
from  below,  like  those  found  in  the  skin  of  other  fishes  ; these 
finally  empty  their  contents  into  the  adjacent  epidermoid  tubes. 
But  in  this  case  a spécial  interest  attaches  to  the  club-cells,  since 
Fritsch  ascribes  to  them  conjecturally  “ the  saine  embryonic 
arrangement  as  the  éléments  of  the  electrical  organ.”  As  we 
are  completely  ignorant  of  the  ontogenesis  of  the  latter,  this  is 
only  a hypothesis,  and  must  be  left  over  for  future  investigation. 
It  should  be  no  matter  of  surprise  if  the  éléments  (unicellular 
glands)  next  in  electromotive  activity  to  muscle  were  to  prove 
capable  of  forming  true  electrical  organs.  For  the  rest,  the  epi- 
dermis  of  Malapterurus  consists  of  ordinary  épithélial  cells  (bristle 
or  prickle  cells)  and  a few  goblet  cells,  i.e.  on  the  side  of  the  villi. 
As  regards  the  finer  structure  of  the  organ,  the  first  point  that 
strikes  one  is  the  lack  of  any  regular  arrangement  of  the  plates 
into  “ columns,”  as  in  Gymnotus  and  Torpédo.  Hor  can  the 
brawn-like  mass  deposited  from  the  skin  of  Malaptcrierus,  and 
similar  in  consistency,  when  fresh,  to  the  vitreous  body,  or  to 
Wharton’s  salts,  be  compared  with  the  iniperfect  electrical 


XI 


ELECTRICAL  EISHES 


399 


organ  of  Raja,  with  its  distinct  sériés  of  cases.  Gloser  inspection 
reveals  in  sections  parallel  with  the  surface  of  tlie  skin,  or 
with  the  axis  of  the  fish,  a délicate  lattice-work  of  fibres,  which 
cross  at  an  acute  angle,  the  intermediate  spaces  appearing  grayish 
and  semi- transparent.  After  treatinent  with  a hardening  reagent 
(alcohol,  chromic  acid)  these  structural  relations  are  seen  still 
more  plainly.  The  lattice-work  (“  sieve,”  Bilharz)  is  then  found 
to  correspond  with  the  cross-sections  of  innumerable  fine  mem- 
branes of  connective  tissue,  which  run  vertical  to  the  axis  of  the 


Fig.  259. — Portion  of  T.S.  through  epidermis  of  Malapterurus.  (Fritsch.) 

fish,  separated  by  small  intermediate  spaces.  These  pass  externally 
into  the  mass  of  fibres  of  the  corium,  while  they  unité  internally 
into  the  so-called  tendinous  integument.  In  this  way  the  organ 
is  composed  of  innumerable  partition-walls,  running  parallel  with 
each  other,  but  at  right  angles,  collectively,  to  the  axis  of  the  fish, 
and  divided  into  a number  of  small,  hollow  spaces,  of  approxi- 
mately  the  saine  size,  with  no  internai  communication  (Fig.  200). 
The  axes  of  these  compartments,  which  are  mostly  lens-shaped,  or 
double  pyramidal,  ail  lie  parallel  with  the  axis  of  the  fish.  Tlieir 
équatorial  planes  are  thus  vertical  to  the  sanie,  so  that  the  one 
Wall  is  turned  to  the  head-,  the  other  to  the  tail-end.  Within 
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this  compartment  tliere  is  “ a spécial,  disc-shaped,  integumental 
expansion,”  which  Billiarz  (3)  was  the  first  to  recognise  for  the 
electromotive  eleinent  proper,  the  terminal  expansion  of  a twig  of 


Fio.  iOO.—Mulaptcrurus  electriciis.  Portion  of  L.S.  tlirougli  tlie  orgaii,  sliowing  the  spaees.(F)  boumlert 
l)y  septa  of  connective  tissue  ; an  electvical  plate  is  attaclied  to  eacli  posteriov  \\'all_(i’)  ; A = 
plate  witli  nerve-stalk.  (Fritscb.) 

nerve,  Ihc  dcctrical  idate,  analogous  in  ail  respects  with  the  inany 
tissues  of  siniilar  structure  and  composition  in  the  other  electrical 
organs.  Each  of  tliese  is  attaclied  to  the  posterior  wall  of  its 
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coinpartnient,  while  the  aiiterior  surface,  presenting  luaiiy  iii- 
equalities,  is  free,  and  turned  towards  the  head-end  of  the  fish  ; 
it  is  separated  by  a small  fissure  filled  with  gelatiuous  substance 
l'rom  the  anterior  wall  of  the  next  coiiipartment  (Fig.  260). 
From  the  front  aspect,  each  plate  appears  as  a fairly  circulai' 
dise,  its  central  point  being  iiiarked  by  a shallow  prominence, 
«living  origin  to  several  high  radial  folds,  while  there  is  a corre- 
sponding  dépréssion  on  the  posterior  surface,  froin  the  founda- 
tion  of  which  springs  a kind  of  stalk  connected  with  the  ingoing 
nerve-fibre  (Fig.  260,  iVP^). 


Fio.  2Ü1. — Malaptcrurus.  Medium  portion  of  a plate  (Pi)  with  nerve-.stalk  (ne),  imder  liigli 

Power.  (Fritscli.) 


The  substance  of  the  plates,  which  increases  in  dianieter  with 
the  size  of  the  animal,  is  homogeneous  and  transparent  in  the 
fresh  condition  (Fig.  261).  Eounded  nuclei  are  embedded  at 
régulai’  and  tolerably  wide  intervals,  and  were  taken  by  Babuchin 
for  star-shaped  cells,  with  fine,  hair-like  processes.  According  to 
Fritscli,  011  the  other  hand,  each  electrical  dise  must  he  regarded 
as  a niultinuclear  protoplasmic  body,  a kind  of  “ giant  electrical 
cell.” 

The  marginal  striation  first  observed  by  Remak  on  the  plates 
of  Torpédo  occurs  also  on  the  dises  of  Malapterurus,  and  is 
ascribed  by  Fritscli  to  a peculiar  porosity  of  the  most  external 
layer  of  the  plate-substance  (Fig.  261).  The  “ rods  ” enclosed 
VOL.  Il  2 D 
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l)etweeii  each  pair  of  porous  canals  appear  imcier  a high  powei'  to 
consist  of  cemeiited  lumps.  Eacli  dise  is  surrounded  externally 
by  a cuticular  membrane  which  here  and  there  may  stand  free 
of  the  anterior  surface. 

According  to  Fritsch,  the  construction  of  tlie  electrical  organ 
out  of  round  discoid  plates,  which  hang  “ like  grapes  on  their 
stalks  ” from  the  stems  of  the  finest  nerve-branches,  is  seen  most 
plainly  in  young  animais,  if  a section  is  spread  out  in  a hardening 
Iluid  (1  per  cent  osmic  acid),  the  intermediate  tissue  being  still 
relatively  undeveloped.  From  this  we  may  conclude  that,  in  the 
embryo,  “ the  éléments  destined  to  form  electrieal  dises  appear 
as  a dense  accumulation  of  cells,  between  which  there  is  an  in- 
definite  intercellular  substanee,  somewhat  resembling  the  strata 
of  unicellular  glands,  as  found  in  the  body-wall  of  many  insects, 
even  in  the  fully  - developed  state  ” (Fritseh).  ’ The  regular 
arrangement  so  essential  to  function  is  developed  later,  and  not 
at  ail  in  the  peripheral  parts  of  the  organ.  This  is  so  constant 
that  plates  hâve  been  found  at  the  posterior  end  of  the  organ,  in 
the  saine  or  nearly  the  same  plane  as  the  body-superficies,  i.e.  at 
a right  angle  with  those  lying  normally,  or  even  in  contact  with 
their  posterior  surfaces.  The  inferior  activity  of  the  posterior 
half  of  the  organ,  as  determined  by  du  Bois-Pieymond,  is  partly 
due  to  these  irregularities  of  arrangement. 

Fritsch  also  endeavoured  to  count  the  electrical  plates  in  the 
organ  of  Malapterurus  by  ealculations  from  sections  of  known 
length,  multiplied  into  the  total  extension  of  the  organ.  He 
found  “ the  number  of  the  electrical  dises  contained  in  a longi- 
tudinal unit  of  the  organ,  as  compared  with  those  of  another 
specimen  of  Malapterurus,  to  be  in  inverse  ratio  with  the  length 
of  the  organ  in  both  cases,”  while  in  the  same  individual  they 
are  2 0 per  cent  less  numerous  in  the  posteiâor  than  in  the  anterior 
sections.  Fritsch  estimâtes  the  total  number  of  dises  in  the 
organ  at  about  2,000,000.  “ About  1600  lie  in  sériés  from  head- 

to  tail-end,  while  a cross-section  from  the  middle  of  the  organ 
contaius  about  3000.  One  cubic  centimètre  of  organ  contains 
about  14,000  in  a medium-sized  specimen.” 

The  whole  innervating  System  of  Malapterurus  exhibits  the 
same  anomalies  as  the  minute  structure  of  its  electrical  organ,  in 
an  even  higher  degree.  At  the  commencement  of  the  spinal  cord  in 
the  région  where  the  first  vertebra  is  connected  with  the  os  occipiitah 
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basllarc,  a seeiiiiiigly  uiipaired  grayisli  buiidle  of  nerves  (dig.  262, 
ne)  appeai’S  froui  below,  apparently  ti’oni  the  lower  (aiiterior) 
médian  cleft.  This  buiidle  at  once  divides  right  and  left,  and 
consists  of  three  pairs  of  nerves,  closely  invested  with  connective 
tissue,  the  roots  of  the  second  and  third  spinal  nerves,  and  the  elec- 
trical  nerve.  Eilharz  regarded  the  last  as  a new  eleraent,  inserted 
between  the  others,  while  Fritsch  (12)  has 
determined  its  connection  with  the  so  - called 
latéral  iiervous  System,  derived  in  ail  fishes  from 
the  trigeminus  and  vagîcs.  The  physiological 
function  of  this  System  is  to  supply  the  skin- 
organ,  which  is  so  highly  developed  in  fishes, 
with  secretory  and  sensory  nerve-fibres.  The 
superficial  portion  of  the  latéral  nervous  System 
of  the  vagus  in  Malapterurus,  as  shown  by 
Fritsch,  rims  over  the  electrical  nerve  just  beneath 
the  shoulder-girdle,  and  then  posteriorly  into  the 
muscles.  Comparative  observations  on  the 
latéral  nervous  System  of  the  closely  allied,  noir- 
electrical,  common  cat-fish  (Silurus)  shows  that 
the  trunciis  lateralis  vagi  emerges  after  interlacing 
with  the  lateralis  trigemini  “ in  two  fasciculi 
behind  the  shoulder-girdle.  Immediately  after 
its  passage  it  sends  a slender  brandi  to  the  skin 
for  the  shoulder  région,  and  a stronger  descend- 
ing  branch  to  the  anterior  extremities,  and  their 
vicinity,  and  to  the  skin  of  the  ventral  région. 

A superficial  branch  is  then  given  off,  which 
passes  downwards  from  the  latéral  canal  in  the  antero-posterior 
direction,  and  sends  5-6  long  descending  branches  to  the  ventral 
région  just  below  the  skiii.”  AU  thèse  branches  of  the  trunens 
lateralis  are  wanting  in  Mcdcqoterurus,  being  rcplaccd  (in  Fritsch’s 
opinion)  by  the  electrical  nerve,  tohich  hcre  represents  a branch  of  the 
nerve  that  in  other  fishes  subserves  secretory  and  sensory  fvnctions. 

And,  in  fact,  like  the  lateralis  vagi  in  the  cat-fish,  this  nerve 
does,  immediately  after  its  exit  from  the  vertébral  column,  send 
out  a fine  ramus  to  the  shoulder  région,  and  pectoral  fin,  which 
reappears  at  the  inner  border  of  the  head  of  the  latéral 
muscle  to  the  shoulder-girdle,  along  with  the  artery  of  the 
electrical  organ.  It  then  passes  backwards  between  this  and  the 
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Fia.  203. — Rind  of  Malaptenirus,  from  tlio  iiiiier  asiiect,  showing  tlie  two  electrical 
iierves  (ne),  and  tlieir  iminediate  ramitications.  (Fritsch.) 

wliich,  after  rminiiig  a short  distance  and  dividing  once  or  twice, 
pierce  snddenly  throngh  the  inner  tendinons  integninent  of  tlie 
organ  (Fig.  263). 

The  electrieal  nerve  is  of  considérable  diaineter  at  the  middle 
of  its  course,  this  heing  the  more  reniarkable  since — as  Bilharz  lirst 
pointed  ont — it  is  a single,  giant,  meduUaicd  indmitivc  jihrc,  which 


straight  muscle  to  the  belly,  running  in  the  loose  connective 
tissue  hetween  muscles  and  integninent,  in  company  with  the 
artery  and  vein,  along  the  side-line  towards  the  posterior  border  of 
the  organ.  Branches  are  given  off  repeatedly  on  either  side. 
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rises  integrally  froin  tlie  spinal  medulla,  and  subseqiiently  bifurcates, 
by  repeated  brancbing,  into  as  inany  branches  and  rami  as  tbere 
are  nerves  in  tbe  electrical  organ,  i.e.  as  are  contained  witbin  its 
plates  and  clianibers.  The  total  dianreter  of  tlie  entire  nerve, 
characterised  in  tbe  fresh  state  by  its  peculiar  silvery  colour,  is  in 
no  way  due  to  extraordinary  size  of  the  original  primitive  fibre, 
but  lunch  more  to  the  vigorous  development  of  the  couuective- 
tissue  sheaths,  with  which  the  nerve  is  iuvested  down  to  its  finest 
terminal  ramifications.  The  disposition  of  these  sheaths  is  best 


Fig.  2(34. — Portion  of  T.S.  fi'oin  electrical  nerve-fibre  of  Mcdapttrimis.  (Fritscli.) 


nnderstood  from  transverse  sections,  snch  as  Fig.  264,  after  Fritscli, 
from  the  nerve-trunk.  In  the  centre  is  the  round  section  of  the 
axis-cylinder,  O'OOS  mm.  in  diameter,  siirroiinded  with  a mediillated 
sheath  from  about  0’03  to  0'012  mm.  in  breadth.  Externally  to 
tins  there  is  first  a broad  zone  of  reticulated  connecth'e  tissne, 
regarded  by  Fritscli  as  the  analogue  of  the  Henle-Schwaiin 
sheath  (the  “ inuer  sheath  ” of  Bilharz).  Tins  occupies  of  the 
total  diameter  of  the  triiiik,  which  is  about  l/l  mm.,  and  iiiay, 
with  the  nerve-fibre,  easily  be  shelled  ont  from  the  next,  concentric 
layers  of  connective  tissne,  which  are  richly  vasculated.  Seeing 
that  at  every  division  of  a nerve-fibre  the  total  cross-section  of 
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the  branches  considerably  exceeds  tliat  of  the  trunk,  the  sanie,  of 
course,  occurs  in  the  electrical  nerve  also,  and  Fritsch  computes 
that  after  giving  ofF  twenty-five  branches  only,  the  diaineter  of 
the  nerve  is  more  than  douhled.  Although  the  cross-section  of  the 
axis-cylinder  in  the  medullated  terminal  branches  is  of  scarcely 
measurable  proportions,  the  sum  of  the  cross-sections  of  the  collective 
nervous  processes  in  the  plates  (which  swell  enormously  after  losing 


Fio.  265.—Malaplentrus.  Üneof  tlie  twogiaiitgangliou-cells  ; 7ie = axis-cylinder  process.  (Fritsch.) 


the  medullary  sheath)  must  be  reckoned  at  about  14‘113  sq.  mm., 
so  that  if  the  superficies  of  the  trunk  were  only  40'7l51  the 
total  cross-section  might  increase  (hy  ramifications  and  terminal 
swelling)  346,760  times  during  its  course  from  centre  to  organ. 
This  is  mainly  due  to  the  increase  of  interfihrillar  intermediate- 
substance,  although  a fibrillated  structure  of  the  axis-cylinder, 
apart  from  the  stalk  of  the  dises,  lias  not  beeii  demonstrated. 

A small  rounded  spot  may  be  detected,  even  with  the  unaided 
eye,  upon  the  long  section  of  the  spinal  cord,  near  the  origin  of 
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the  two  electrical  iierve-tibres  (Bilharz).  Ihis  spot  is  distinguished 
froni  the  sui’rounding  iiiatter  of  the  cord  by  its  darker  colour,  and 
is  found  uiider  the  microscope  to  be  a multipolar  ganglionic  body 
of  giant  dimensions,  its  axis-cylinder  process  forming  an  electrical 
nerve.  The  two  ganglionic  bodies  (Fig.  2 G 5)  are  lenticnlar  in 
form,  the  équatorial  diameter  being  as  much  as  0'21  mm.,  the 
axial  about  one-half  tins.  Internally  there  is  a large  blistered 
nucléus,  which,  like  the  cell  itself,  is  ellipsoid.  “ The  body  of  the 
cell  is  never  rounded  towards  its  neighbours,  but  lengthens  gradu- 
ally  into  large  protoplasinic  processes,  which  subsequently  curve 
distinctly,  and  form  a loose  tissue  at  about  the  micldle  diameter  of 
the  cell.”  This  becomes  more  dense  after  the  axis-cylinder  process 
has  been  given  off,  and  forms  a kind  of  sieve  (base  of  the  electrical 
nerve),  from  which  the  nerve  einerges,  and  becomes  invested  on  the 
other  side  with  the  medulla.  This  structure  is  the  more  remark - 
able  since  the  protoplasinic  processes,  as  well  as  the  axis-cylinder 
developed  from  thein,  are  certainly  of  nervous  origin. 

II.  General  Action  of  Discharge  from  Electrical  Fisiies 

Tlie  physiological  action  of  the  shock  is,  of  course,  of  first 
interest,  in  so  far,  at  least,  as  concerns  the  powerful  discharges 
from  the  highly  differentiated  electrical  organs  of  Torpédo, 
Gijmnotus,  and  Malajoterurus.  The  subjective  physiological  action 
of  the  shock  of  the  fish  may,  as  was  pointed  ont  by  du  Bois- 
Eeymond,  take  effect  under  different  conditions.  It  is,  however, 
indispensable  (since  ail  action  of  an  animal  or  vegetable  electro- 
motor  is  produced  by  short-circuiting)  that  the  curves  of  current 
should  impinge  upon  the  human  body  at  sufficient  density,  eitlier 
directly,  or  by  means  of  a conductor  of  résistance  parallel  with 
that  of  the  organic  tissues,  e.g.  water,  moist  non-conductors, 
etc.  Métal,  employed  as  the  intennediate  layer — seeing  that  its 
résistance  vanishes  against  that  of  the  moist  paiTs — is  a protection 
acainst  current-diffusion,  according  to  Ivirchhoft  s law  of  refrac- 
tion  for  electrical  currents  ; so  that  it  is  possible — as  shown  by 
Humboldt  and  Gay  Lussac — to  carry  an  electrical  fish  between 
two  movable  electrical  plates  that  are  in  contact,  without  dis- 
turbance from  ■ shocks.  This  fact  was  compared  by  the  elder 
Becquerel  to  the  well-known  experiment  in  which  the  secondary 
twitch  from  muscle  to  nerve  (Matteucci’s  contraction)  may  be 
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blocked  by  the  introduction  of  gold-leaf  or  tinfoil,  between  the 
priinary  conti’acting  muscle  and  the  nerve  of  the  secondary  pré- 
paration (cf.  I.  p.  361). 

The  effects  of  shock  froni  Torpédo  are  inost  apparent  when  the 
subject  is  in  circuit  with  the  whole  battery  (which  is  vertical  in 
tins  case),  i.e.  when  the  lead-off  is  from  upper  and  under  surface 
of  the  fish.  In  Gymnotus,  too,  and  in  Mcdapterurus,  the  shock  is 
more  powerful  in  proportion  as  the  contacts  are  further  apart,  and 
the  conductivity  of  the  leading-off  circuit  more  perfect,  i.e.  it  is 
strongest  when  the  animal  is  held  in  the  air  by  head  and  tail. 
Some  idea  of  the  force  of  the  electrical  discharges  from  Gymnotus 
is  conveyed  in  the  fact  that  Sachs  obtained  very  marked  shocks 
on  grasping  an  electrical  eel  123  cm.  long  with  rubber  gloves. 
On  one  occasion  lie  received  the  full  effect  of  the  shock.  He 
relates  that  “ he  had  fallen  into  the  water,  and  emerged  with  wet 
clothes  clinging  to  him,  while  endeavouring  (guarded  with  the 
rubber  gloves)  to  throw  a lively,  fresh-caught  eel,  over  hve  feet 
in  length,  into  a trough.  The  animal  escaped  and  fell  on  to  both 
his  feet,  so  that  its  head  made  contact  with  one  leg,  its  tail  with 
the  other,  remaining  thus  for  several  seconds.  In  tins  position, 
when  Dr.  Sachs’  legs  completed  the  circuit  between  the  pôles  of 
the  fîsh’s  hattery,  he  received  a rapid  sériés  of  shocks  which, 
silice  they  were  not  weakened  by  any  deriving  circuit,  and  were 
easily  conducted  through  tlie  wet  clothes,  took  effect  with  in- 
describable  intensity.  üttering  loud  cries  of  pain  he  stood  as 
though  petrified  by  the  shock,  and  was  quite  unable  to  rid  himself 
of  the  animal”  (du  Bois-Eeyniond,  4 c,  p.  131). 

This  was  the  effect  of  direct  contact  with  the  lîsh  outside 
the  water,  but  tlie  action  is  hardly  less  strong  in  the  case  of 
immersion  in  the  electriccd  current,  where  the  lines  of  current  which 
traverse  the  water  impinge  upon  the  hunian  body.  In  this  mode 
of  action,  to  which,  as  Faraday  points  ont,  the  electrical  organs 
are  peculiarly  adapted,  each  point  in  contact  (or  animal  body) 
reçoives  a part  of  the  discharge  approxiniately  proportionate  to  its 
size.  Eveil  the  early  observations  frequently  refer  to  falling 
under  these  conditions  (du  Bois-lleymond,  4 c,  p.  132),  Sachs 

attirms  that  liorses  invailably  drop  when  struck  by  gymnoti,  so 
that  in  traversing  the  cahos  it  is  necessary  to  seek  ont  shallow 
places,  and  the  foremost  rider  ]uishes  a stick  into  the  water. 
“ The  water  lieconies  fillcd  for  a considerahle  distance  with  lines  of 
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curreiit  from  tlie  disturbed  eels,  and  dead  fisli  and  frogs  tlien  appear 
at  the  surface.” 

As  regards  the  nature  of  the  effect  produced  by  a not  im- 
moderately  strong  discharge,  it  was  remarhed  by  Sachs  that  it 
exhibited  a strong  resemblance  to  the  biief  action  of  the  sliding 
inductorium  with  so-called  vagus  électrodes  (hook-shaped  métal 
wires).  “ There  is  an  iinmistakable  sensation  of  persistence,  ot 
oscillatory  character  in  the  shock.”  In  the  Gymnotus  the 
shock,  according  to  du  Bois-Eeyinond  (4  d,  ii.  p.  619)  is  “ less 
shai’])  than  that  from  a Leyden  jar,  and  rises  more  gradually  ; 
it  is  often  possible  to  distinguish  several  maxima.” 

“ The  discharge  of  Malaptcrurus  is  surprisingly  powerful  in  com- 
parison  with  its  size.  If  the  head  and  tail  of  a vigorous  fish  are 
touched  in  water  with  the  fore-finger,  the  shock  does  not  indeed  reach 
beyond  the  middle-finger  joint,  but  if  the  animal  is  grasped  with 
well-moistened  hands  a sharp  shock  is  perceived  as  far  as  the  elbow. 
AVith  the  secondary  coil  pushed  right  up,  and  a Grove’s  cell  in  the 
primary  circuit,  a break  shock  taken  through  the  hand  is  about 
equal  to  a “ strong  ” shock  from  a fish.  Babuchin  received  such 
a powerful  discharge  from  one-half  of  the  electrical  organ  ot 
Malaptcrurus,  on  exciting  the  oblongata,  that  “ lie  reniained  uncon- 
scious  for  several  minutes.”  He  points  ont  the  différence  in 
sensation  between  the  shocks  of  Torpcdo  and  of  Malap>terurus. 
The  shocks  from  the  former  are,  as  it  were,  blunter  and  duller, 
those  from  Malaptcrurus  are  sharper,  more  stinging  and  penetrat- 
ing  ; briehy,  the  différence  is  the  saine  as  that  between  the  currents 
of  the  primary  and  the  secondary  coils — between  the  extra-current 
of  the  principal,  and  the  break  shock  of  the  secondary  circuit. 
Mere  contact  with  the  point  of  a barbel  of  Mcdapterurus  is  enough 
to  cause  a sharp  prick  in  the  finger.  This  is  never  the  case  with 
Torpédo.  Du  Bois-Pieymond  suggests  that  the  différence  niay  be 
due  to  the  different  mode  of  innervation  of  the  organ  in  the  two 
cases.  “ At  the  half  of  the  Malaptcrurus  organ  (which  is  inner- 
vated  liy  a single  ganglion-cell)  the  shock  of  the  most  distant  plate 
is  separated  from  that  of  the  nearer  ones  only  by  a minute  fraction 
of  a second,  as  recpiired  for  the  wave  of  induction  to  travel  the 
length  of  the  organ.  In  the  organ  of  Torpédo,  on  the  other  hand, 
the  duration  of  the  discharge  is  determined  by  the  time  recpiired 
for  the  excitation  of  the  entire  electrical  lobe.  And  tliis  period, 
judging  liy  what  we  know  of  the  transmission  of  any  stimulus 
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througli  a ganglioiiic  complex,  ejj.  spinal  cord,  inay  be  comparatively 
protracted.  It  is  obvions  tliat  the  shock  will  be  sharper,  more 
stinging,  and  more  acute,  in  proportion  as  the  discharge  frorn  the 
plates  occurs  more  simultaneously.”  ïhe  effect,  moreover,  differs 
according  to  the  part  at  which  the  Torjoedo  shock  takes  action. 
Schbnlein  experienced  pain  on  receiving  it  on  the  back  of  the 
fingers  and  hand,  while  in  the  palm  of  the  hand  it  is  a mere 
“pricking”  sensation.  In  artificial  excitation  with  induction 
cnrrents  the  feeling  of  contraction  in  the  muscles  of  the  hand 
may  always  be  distinguished  from  the  cutaneous  sensations. 
According  to  Schonlein  this  never  occurs  in  the  shock  of 
Torpédo;  the  discharge  must  therefore  be  inadéquate  to  excite 
the  muscles  beneath  the  skin.  Faraday  compared  a medium 
shock  from  the  electric  eel  lOl’G  cm.  long,  on  which  he  experi- 
mented  in  1838,  with  the  discharge  of  a Leyden  battery,  charged 
to  the  maximum  with  fifteen  jars,  and  a double -glazed  glass 
surface  of  2-258  sq.  m.  The  physiological  action  of  the  Torpédo 
discharge  is  disproportionately  weaker,  with  the  exception  of  the 
large  species  {T.  occidentcdis),  by  the  shock  of  which  Captain  Atwood 
was  repeatedly  thrown  to  the  ground,  “ as  if  felled  by  an  axe.” 

In  order  more  exactly  to  investigate  the  action,  strength,  and 
direction  of  the  discharge  from  a fish  still  in  water.  Faraday 
employed  a pair  of  saddle-shaped,  curved  électrodes  (Fig.  266)  for 
Gj/mnotus,  invested  internally  with  metallic,  externally  with  in- 
sulating  substances.  These  were  applied  to  two  points,  correspond- 
ing  with  the  pôles  of  the  organ,  of  the  fish,  lying  upon  an  insulating 
stage  (glass  plate),  which  again  was  gripped  by  the  gutta-percha 
rim  of  the  saddle.  The  segments  of  the  fish  are  then  ahnost  as  well 
insulated  as  if  they  were  in  the  air.  It  is  best  only  to  leave  as 
much  water  as  just  covers  the  animal  when  lying  upon  the  glass  tloor 
of  a shallow  trough.  In  order  as  perfectly  as  possible  to  insulate 
the  part  of  tlie  body  gripped  by  the  saddle  in  the  smaller  and 
weaker  Malapterurns,  du  Bois-Eeymond  made  use  of  a cover  for 
leading  off,  shaped  like  the  lid  of  a mummy-case  (Fig.  267).  This 
was  moulded  in  gutta-percha  to  the  shape  of  the  animal,  the  ends 
lieing  lined  with  tinfoil  (4  d,  ii.  p.  670). 

The  insulation  from  the  surrounding  water  was  in  this 
instance  so  complété  that  even  the  very  délicate  method  of 
testing  for  current  escape  in  water  (to  he  described  below)  lailed 
to  detect  any  at  the  time  of  the  discharge.  Du  Bois-Eeymond 
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(4  cj,  h)  linally  decided  ou  the  arrangement  shown  in  Fig.  268,  as 
the  inost  convenient  for  leading  off  froni  the  torpédo  in  water. 
A circular  zinc-plate,  covered  witli  Üannel,  about  the  same  size 
as  the  body  {v  v^),  was  placed  at  the  hottoni  of  a glass  vessel 
30  cm.  wide  and  10  cm.  deep.  A portion  of  the  zinc  was  lient 
outwards  for  leading  off.  The  fish  lay  upon  the  llannel.  The 
dorsal  shield,  for  leading  off  froni  the  back,  is  again  a zinc-plate 
shaped  to  the  fish  with  the  edge  turned  up  ; the  upper  surlace  is 
lacquered,  and  a wooden  knob  in  the  middle  carries  the  second 
wire  for  leading  off. 

By  tins  method  it  is  easy  to  lead  off  the  shock,  and  to 
experiment  without  injuring  the  animal.  A valuable  instru- 
ment, with  many  applications,  is  the  nerve-muscle  préparation 


of  a frog,  employed  as  early  as  1797  by  Galvani,  and  later  again 
by  Matteucci,  in  experiments  on  TorjMclo.  Du  Bois-Pteymond 
constructed  the  so-called  “ frog-alarum  ” (Fig.  268,  FW),  by  lead- 
ing off  part  of  the  discharge  that  was  passing  through  the  water 
containing  the  fish,  by  means  of  a pair  of  submerged  électrodes, 
to  the  nerve  of  a rheoscopic  leg,  the  muscle  of  which  rang  a bell 
when  it  contracted,  and  thus  indicated  the  successive  dis- 
charges of  the  organ.  In  this  way  the  electrical  activity  of  a 
fish  under  water  can  be  observed  with  little  trouble  and  absolute 
certainty  for  liours  at  a time. 

Schonlein  (30)  has  recently  employed  the  téléphoné  for  the 
sanie  purpose,  with  very  good  results.  He  connected  one  end  of 
it  with  a lead  plate  lying  on  the  fioor  of  the  fish-trough,  while 
the  wire  from  the  other  pôle  ended  in  a snialler  lead  plate,  that 
dipped  into  the  water.  Even  in  weak  animais  {Tooyedo) 
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Schônleiii  Ibund  that  tlie  discliarges  were  sufficiently  vigorous  to 
fill  the  entire  basin,  measuring  1 x 0'4  x 0'3,  with  Unes  of 
current  audible  in  the  téléphoné.  He  thus  detected  that  the 
animais  soinetiines  give  spontaneous  discharges  without  apparently 
any  direct  stimulus,  c.g.  on  the  approach  of  other  animais,  or  of  the 
collectinglplate.  But  as  a rule  a true  discharge  follows  only  from 


Fio.  26S. — Schéma  for  leacling  ofl'the  shook  of  Torpédo.]  FIF=frog-alariim.  (Du  Bois-Reymoml.) 


contact,  or  some  other  excitation.  In  Gymnotus,  and  according 
to  du  Bois-Eeymond  in  Malaptcrurus  also,  the  seat  of  stimulation 
is  by  no  means  immaterial.  The  barbels  of  the  last  fish  seem 
to  be  peculiarly  insensitive,  since  their  stimulation  never  pro- 
duces a discharge.  As  regards  rcqnisite  strength  of  stimulus, 
again,  great  différences  are  apparent.  Gymnotus  at  times  reacts 
to  the  faintest  impression,  at  others  a discharge  can  only  be 
provoked  l)y  determined  “pickiiig”  witli  a pointed  body.  In 
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makiiig  préparations  from  the  organ  of  Torpédo,  Schônlein 
nsually  observed  a discliarge  on  cutting  throngh  tlie  skin,  as 
well  as  on  removing  the  cranium,  especially  if  the  canals  and 
utriculus  were  hroken  into.  Division  of  the  inednlla  ohlongata 
vas  also  accoinpanied  hy  a discharge. 

The  relatively  considérable  dnration  of  ail  spontaneous  or 
reÜex  discharges  is  apparent  not  merely  in  subjective  sensations, 
but  also  objectively  with  the  above  modes  of  investigation. 
With  strong  excitation,  the  hanimer  of  the  frog-alarum  is 
continuously  pressed  agaiust  the  bell  in  both  Gymnotus  and 
Mcdapterurus.  When  Mcdapterurus  is  excited,  it  seldoin  discharges 
once  only.  The  bell  nsually  rings  2-3  tiines,  either  in  cpück 


succession  or  at  longer  intervals.  In  téléphoné  observations 
Schonlein  found  that  both  pitch  and  character  of  sound,  from  the 
natural  discharge  of  Toipedo,  varied  considerably.  “ If  the  sound 
were  expressed  in  letters,  the  vowels  œ,  e,  or  % must  be  selected, 
never  o or  uT  Brief  shocks  seem  to  be  best  expressed  by  E, 
sung  at  different  pitches.  Longer  discharges  seem  as  a rule  to 
correspond  with  a higher  pitch  than  brief  shocks. 

The  endurance  of  the  fish  is  considérable.  Du  Bois-Beymond 
tested  his  malapterurus  every  ten  minutes,  for  two  hours.  “ In- 
cluding  the  removal  of  the  iish  to  the  experimental  trough  and 
liack  again,  it  was  excited  11—14  times  ; it  yielded  at  least 
twice  or  three  times  that  number  of  shocks.  During  the  sériés 
of  experiments  the  fish  became  visibly  fatigued.  It  grew  pale, 
and  at  hist  responded  only  by  a single  shock  when  the  cover 


Fig.  2G9. — Schéma  of  cuvreiit  distribution  outside  the  body  of  Torpédo.  (Caveiidisli.) 
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was  put  on”  (4  cl,  ii.  618).  01  Tor'pedo,  too,  we  know  that  “ it 

keeps  up  a sériés  of  discharges  at  more  than  seconds  speed,  for 
over  a minute.”  Schônlein  states  that  the  living  organ,  with 
intact  circulation,  cannot  give  more  than  1000  shocks,  either 
when  tlie  discharges  follow  spontaneously  upon  strong  protracted 
stimulation  of  the  animal,  or  when  they  are  artificially  discharged 
froin  préparations  of  the  organ.  In  the  first  case  the  animal 
requires  a longer  recovery  (at  least  a quarter  of  an  hour)  for 
the  restoration  of  its  power  of  discharge.  The  excited  organ,  on 
the  other  hand  (unlike  muscle),  shows  no  recovery  after  con- 
tinuons excitation  of  only  10  sec.  with  tetanising  induction 
currents.  Sachs’  gymnotus  was  electrically  nou-fatiguable. 
200—300  shocks  could  be  elicited  from  it  without  perceptible 
diminution  ; an  animal  which  had  presumably  discharged  150 
times  in  an  hour  could  still  send  a powerful  shock  through  a 
Chain  of  eight  persons,  if  those  at  the  ends  were  in  contact  with 
its  head  and  tail  (du  Bois-Eeymond,  4 e,  p.  256). 

We  hâve  seen  that  Cavendish  (1776)  arrived,  by  means  of  a 
submerged  model  of  Torpédo,  connected  with  a Leyden  jar,  at  a 
substantially  correct  idea  of  the  distribution  of  potential  on  the 
surface,  and  in  the  surrounding  water  — as  shown  by  the 
accompanying  schéma,  Fig.  269.  The  improvement  in  physical 
technique,  more  particularly  the  introduction  of  the  galvano- 
meter,  enabled  Colladon,  and  still  more  du  Bois-Eeymond,  to 
condrm  and  enlarge  the  results  of  Cavendish  in  ail  essential 
points  (4  g,  h,  p.  193).  Colladon  formulated  the  three  following 
propositions  in  1831  re  distribution  of  potential  upon  the  surface 
of  a torpédo  in  air,  during  discharge  : — 

1.  “Ail  points  of  the  back  are  positive  towards  any  point  of 
the  ventral  surface.  Intensity  of  current  diminishes  in  pro- 
portion to  the  distance  of  these  points  from  the  organ  ; at  the  tail 
it  is  almost  at  zéro. 

2.  “ Two  asymmetrical  points  of  the  back,  or  two  similar 
points  of  the  belly,  almost  always  give  current  through  the 
galvaiiometer  ; the  point  proximal  to  the  organ  is  positive  on 
the  dorsal,  négative  on  the  ventral  surface. 

3.  “ There  is  no  detlection  in  the  galvanometer  from  two 
symmetrical  points  of  the  back  or  belly.” 

Silice  the  columns,  of  which  the  E.IM.F.  increases  with  the 
number  of  plates,  diminish  about  0’6  mm.  in  height  from  the 
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luedial  to  the  latéral  wall  of  the  organ  of  Torjocdo,  it  is  quite 
clear  wliy  there  sliould,  in  the  fish  in  air,  be  a current  as 
stated  by  Colladon  and  IMattencci  between  médian  and  latéral 
points,  from  former  to  latter  on  tbe  back,  and  vice  versa  on  tbe 
belly.  If  ail  tbe  colnmns  were  of  equal  beigbt  in  botb  organs, 
tbe  organs  being,  moreover,  brougbt  togetber  in  tbe  médian  plane, 
and  there  united,  tbe  centre  of  the  médian  line  would  be  most 
positive  on  tbe  dorsal  aspect,  most  négative  on  tbe  ventral.  “ On 
separating  tbe  organs  again,  tbe  most  positive  and  most  négative 
points  in  eacb  organ  wonld — as  du  Bois-Eeymond  pointed  ont — 


Fig.  270. — Schéma  of  current  distribution  outsirle  the  body  of  Torpédo.  (Du  Bois-Reymoiul.) 


(in  correspondence  with  tbe  distance  between  the  organs)  lie  mid- 
way  between  the  médian  edge  and  the  centre.”  There  would 
tbus — at  equal  beigbt  of  ail  tbe  columns — be  a P.D.  between 
back  and  belly  in  the  same  direction,  althougb  weaker.  Eeduced 
beigbt  of  columns  towards  the  sides,  on  tbe  contrary,  sends  tbe 
points  of  greater  positivity  and  negativity  to  tbe  médian  border 
of  tbe  organ.  There  are  tbus,  as  du  Bois-Eeymond  pointed  ont, 
currents  in  tbe  back  of  Torjnclo  from  these  borders  also  to  tbe 
médian  line,  and  vice  versa  in  tbe  belly.  The  accompanying 
Fig.  270  shows  tbe  direction  of  tbe  lines  of  currents  in  a diagram 
of  the  bsh,  after  du  Bois-Eeymond.  Here  we  see  tbat  tbe  curves 
“ not  merely  radiate  from  tbe  so-called  polar  surfaces,  but  also  eut 
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the  latéral  surfaces  of  tlie  organ.  ïhey  are  directed  inwards  as 
well  as  outwards  tlirough  the  body  of  the  fish,  and  further  fill  up 
the  cavity.” 

With  regard  to  the  immunity  of  Torpédo  to  its  own  shocks, 
it  is  to  be  iioted  that  “ the  currents  which  flow  along  the  back, 
froin  the  médian  walls  of  the  organ  to  the  iniddle  line,  and  con- 
versely  on  the  ventral  surface  froni  this  line  to  the  border, 
necessarily  find  their  path  through  brain  and  cord  ; and,  since 
this  is  the  shortest  path  between  the  most  active  parts  of  the 
two  organs,  there  can  he  no  stronger  current  through  the  torpédo  ” 
(du  Eois-Eeymond). 

Du  Bois-Eeyinond  was  able  to  reproduce  ail  these  effects 
upon  artificial  models,  by  grouping  zinc -platinum  éléments 
together  in  sériés  like  electrical  plates,  and  dipping  theni  sud- 
denly  into  water,  upon  which  the  current  spread  itself  as  in  a 
discharge,  and  was  led  off  in  a similar  manner. 

On  leading  off  from  symmetrical  points  of  the  dorsal  or 
ventral  surface,  du  Bois-Eeymond  obtained  deflections  from  bis 
fish  during  the  shock,  which  might  be  due  to  unequal  innervation 
of  the  two  organs. 

In  Mcdapterurtis  du  Bois-Eeymond  established  that  “during 
the  discharge  each  point  of  the  organ  proximal  to  the  tail  is 
positive  to  those  nearer  the  head,  and  that  it  is  unimportant 
whether  the  point  lies  at  the  circumference  of  a given  cross-section 
of  the  fish,  or  at  its  back,  side,  or  belly,”  so  that  the  polar  surfaces 
of  the  organ  lie,  as  in  Gymnotus,  towards  the  head  and  tail. 

It  follows  that  the  direction  of  the  nonnal  discharge  in 
electrical  fishes  is  invariably  at  right  angles  to  the  plane  of  the 
plates.  In  Torpédo,  where  the  plates  are  horizontal,  with  normal 
position  of  the  animal,  the  discharge  therefore  occurs  between 
back  and  belly  ; in  Gymnotus,  on  the  contrary,  wdiere  the  plates 
are,  as  a rule,  vertical  to  the  long  axis  of  the  organ,  i.c.  in  the 
transverse  plane  of  the  animal,  the  discharge  passes  longitudinally 
from  head  to  tail.  The  sanie  is  the  case  in  Mal  opter  urus,  where 
the  plates  exhibit  a similar  arrangement. 

A very  reniarkable  rule  at  first  appeared  to  be  indicated  in  the 
fact,  as  pointed  ont  by  Pacini,  that  the  distribution  of  the  nerves  in 
Torpédo  and  Gymnotus  occurs  always  upon  that  surface  of  the  plate 
which  is  négative  in  the  discharge,  i.e.  the  lower  surface  in  Torpédo, 
the  posterior  surface  in  Gymnotus.  In  this  last  animal  Faraday 
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had  already  proved  by  potassium-iodide  electrolysis  tliat  “ every 
point  of  the  fish  in  water,  or  of  its  immédiate  vicinity,  is  négative 
to  every  point  anterior  to  it  on  the  fish,  and  positive  to  every 
posterior  point,  the  effect  being  stronger  in  proportion  as  the 
points  with  which  contact  is  made  are  farther  apart,  while  it 
disappears  on  leading  off  symmetrically  to  the  sagittal  plane.” 
This  is  intelligible  if,  at  the  moment  of  discharge,  the  anterior 
surfaces  of  ail  the  electrical  plates  are  positive,  the  posterior 
négative,  as  du  Bois  showed  upon  a submerged  model  of  prisms 
made  of  zinc  and  platinum  éléments  soldered  together  (4  d,  ii. 
p.  68  3).  The  current  is  accordingly  ascending  (“  positive  ” in 
direction)  in  the  columns  of  the  organ,  i.e.  directed  from  tail  to 
head. 

Bilharz,  having  convinced  himself  that  the  nerve  entered  by 
the  posterior  surface  of  each  plate  in  Malapterurus,  also  concluded 
forthwith  that  the  direction  of  discharge  would  correspond  with 
that  of  Gymnotns,  without  actually  being  able  to  perform  the 
experiment.  Du  Bois-Eeymond  showed,  on  the  contrary,  that 
the  discharge  in  the  Mcdapteritrus  organ  is  invariably  directed 
from  head  to  tail,  i.e.  the  opposite  of  Pacini’s  rule.  This  is  also 
true  of  Raja. 

It  was  stated  at  the  beginning  of  the  chapter  that  Faraday 
had  succeeded  in  demonstrating  ail  the  signs  of  a true  electrical 
discharge  (as  laid  down  by  him)  with  one  exception,  in  the  shock 
of  electrical  fishes  {Gymnotus).  He  obtained  physiological  action, 
deflection  of  magnetic  needle,  magnétisation,  production  of  heat, 
spark,  electrolysis,  attraction  and  repulsion  ; conduction  through 
hot  air  (flame)  alone  seemed  impossible,  a fact  already  observed  by 
Cavendish,  and  of  which  he  had  failed  to  find  any  explanation. 
Du  Bois-Reyrnond  subsequently  pointed  out  that  this  is  only  a 
spécial  instance  of  the  general  fact  that,  notwithstanding  the 
frequently  enormous  power  of  the  discharge  from  electrical  fishes, 
it  is  unable  to  overcome  even  slight  hindrances  to  its  passage. 
This  is  expressed  inter  alia  in  the  fact  that  it  is  seldom 
possible  in  Torpédo  and  Malapterurus  to  elicit  so-called  discharg- 
ing  and  closing  sparks  from  the  shock  ; while,  on  the  other  hand, 
it  is  easy  to  get  séparation  sparks.  In  the  first  case  there  is  a 
gap  between  the  stationary  or  approximating  métal  points,  which 
the  current  bridges  over  at  closure  ; in  the  second  case  a circuit 
in  which  current  is  flowing  is  interrupted.  Du  Bois-lleymond 
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wheii  experimentiiig  on  Malapterurus,  employée!  a spark  micro- 
meter,  witli  whicli  two  platinum  points  conld  be  brouglit  as  close 
together  as  O’Ol  mm.;  lie  also  niaele  slits  in  strips  of  tinfoil, 
wliicli  were  not  wieler  than  O'OOSS-O'OOSO  mm.  Yet  he  never 
succeeeletl  in  getting  a elischarging  spark  eluring  his  investigations 
with  the  microscope  in  a clark  room,  although  an  ineluced  current, 
imperceptible  to  tlie  tongue,  leapt  over  the  saine  gap  with  produc- 
tion of  sparks,  at  90  mm.  distance  of  secondary  coil. 

. On  the  other  hand,  Santi-Linari  and  Matteucci  on  Torpédo, 
Faraday  on  Gymnotm,  and  du  Bois-Eeymond  on  Mcdcqoterurus 
saw  séparation  sparks,  when  the  fish  was  stiniulated  by  the  con- 
tact of  mercury  with  a platinum  point,  or  hy  rubbing  two  files 
together,  or  by  drawing  a spring  along  a cogged  wheel.  By 
means  of  the  frog-interrupter  it  was  possible  to  open  the  circuit 
each  tinie  by  the  twitch  of  the  muscle  at  the  acnie  of  the 
discharge,  when  the  séparation  spark  always  appeared.  Dis- 
charging  sparks  hâve  been  several  times  observed  on  Gymnotus 
only.  As  early  as  1773,  Hugh  Williamson,  in  Philadelphia, 
received  a shock  through  a gap  in  the  circuit,  the  diameter  of 
which  he  compared  to  the  thickness  of  “double  post  paper”;  but  he 
saw  no  spark.  Walsh,  on  the  other  hand  (as  communicated  by 
du  Bois-Eeymond,  4 e,  p.  158),  siicceeded  in  discharging  a spark 
at  a slit  in  tinfoil  with  a gymnotus  brouglit  to  London  froni 
Guiana  in  1775,  so  infallibly  that  he  was  able  to  denionstrate  it 
10—12  times  in  succession  to  more  than  forty  members  of  the 
Eoyal  Society.  Sachs  again  failed  conspicuously  to  produce 
closing  (discharging)  sparks  in  a tinfoil  gap  of  OA  mm.  Under 
these  conditions  it  is  not  to  be  wondered  at  that  the  shock  froni 
Gymnohis  fails  to  pass  through  rarefied  air  and  to  light  up  a 
Geissler  tube. 

ïhe  explanation  of  ail  these  facts,  which  are  at  first  siglit  so 
reniarkable,  is  simply,  as  du  Bois-Eeymond  {l.c.  p.  161)  showed, 
that  the  current  of  electrical  fishes,  like  ail  other  animal  electro- 
motivity,  is  due  solely  to  dérivation.  “ In  the  case  of  two  equal 
currents  A and  B,  flowing  in  two  conductors  of  equal  résistance, 
A,  however,  being  in  an  undivided  circuit,  while  B is  completed 
by  dérivation,  the  addition  of  an  eipial  résistance  to  both 
conductors  will  diininish  B more  than  A,  the  more  so  in  propor- 
tion as  the  résistance  of  the  rest  of  the  circuit  is  greater.” 

“ If  the  fish  is  coiinected  with  a metallic  circuit  forming  a 
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good  conductor,  an  intense  cnrrent  is  developed  in  tliis,  and  by 
opening  tlie  circuit  at  tlie  appropriate  moment,  a gap  is  produced 
at  the  instant  of  opening,  wliich  is  smaller  tban  can  be  attained 
by  placing  two  fixed  metals  in  close  proxiniity.  Across  such  a 
gap,  the  cnrrent,  augmented  by  induction  effects,  will  readily 
pass  as  a spark. 

“ If,  on  the  other  hand,  there  is  a previous  gap  in  the  experi- 
mental circuit,  no  matter  how  small,  there  will  be  no  deriving 
branch  of  cnrrent  in  the  circuit,  capable  of  sparking  across  it. 
It  is  thus  a delusion  to  suppose  that  the  powerful  discharge  of 
the  electrical  fish  is  incapable  of  bridging  over  the  gap,  for  in 
reality  the  gap  prevents  the  development  of  the  dérivée!  cnrrent, 
which  results  in  a powerful  shock  when  well  conducted.  The 
powerful  shock  that  is  expected  to  spark  across  the  gap  is 
actually  non-existent  when  the  gap  is  présent  ” (within  certain 
limits  of  extension  for  the  gap). 

Accordingly,  in  ail  experiments  on  electrical  fishes  where 
strength  of  effort  is  required,  it  is  a rule  to  reduce  the  external 
résistance  in  the  leading-off  circuit  as  much  as  possible.  Du 
Bois-Eeymoud  first  pointed  ont  the  adaptation  of  the  different 
electrical  organs  to  the  media  in  which  they  hâve  to  act.  “ l’he 
organs  of  Toiycdo  require  no  great  internai  résistance  in  sea- 
water,  and  can  do  with  less  E.M.F.  ; they  are  short,  with  a wide 
cross-section.  The  fresh-water  organs  of  Malapterurus  and  Gym- 
notus  require  great  internai  résistance,  ergo  greater  E.M.F.  ; these 
are  long  with  a small  section.” 

Du  Bois-Eeymoud  first  drew  attention  to  the  ease  with  which 
a discharging  spark  can  be  elicited  by  the  shock  from  a fish,  with 
the  help  of  induction,  by  leading  it  through  the  primary  coil  of  a 
Euhmkorff’s  inductorium.  If  a spark-micrometer  is  introduced  into 
the  secondary  circuit,  two  sparks  will  regularly  appear,  one  larger 
immediately  followed  by  a smaller.  Armand  Moreau  (du  Bois- 
Eeymoud,  4 cl,  p.  628)  even  succeeded  in  showing  the  electroscopic 
attraction  and  repulsion  by  the  shock,  on  replacing  the  platinum 
points  of  the  spark-micrometer  by  two  bent  copper  wires,  to  the 
ends  of  which  two  gold  leaves  were  attached.  “ At  a distance  of 
3 mm.  the  movement  of  the  leaves  at  the  moment  of  the  dis- 
charge was  doubtful,  at  2 mm.  they  obviously  attracted  each 
other,  and  at  a less  distance  they  flew  together,  with  a magnificent 
green  flash,  which  left  the  leaves  in  cohésion.” 
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Electrolysis  of  potassium  iodide  was  often  used  iiistead  of 
the  multiplier  to  détermine  the  direction  of  sliock  in  the  fish  and 
the  distribution  of  surface-tension.  The  discliarge  was  then  led  in 
by  two  annealed  platinum  points  to  a strip  of  filter-paper  saturated 
with  solution  of  potassium  iodide.  Du  Bois-Eeymond  (4  c,  p.  163 
and  7)  then  encountered  the  paradoxical  phenomenon  that  in  the 
discharge  from  both  Malapterurus  and,  as  he  found  later,  Torpcdo, 
an  iodine  spot  appeared  under  hoth  électrodes,  but  was  as  a rule 
more  distinct  in  the  former  beneath  the  point  corresponding  with 
the  tail.  John  Davy  and  Matteucci  had  not  remarked  this  effect 
on  Torpédo,  nor  Faraday,  Schônlein,  and  others  on  Gymnotus, 
and  Sachs  also  failed  to  obtain  it  in  the  latter. 

Since  the  alternation  of  the  discharge  thus  seemed  possible, 
a doser  examination  was  required.  It  then  appeared  that  the 
“ secondary  ” iodine  spot  under  the  négative  electrode  can  be 
produced  by  single  induction  - shocks  also,  if,  as  is  usually  the 
case,  the  circuit  is  left  closed  after  the  current  has  ceased  to  flow. 
Here  it  is  undoubtedly  due  to  the  “ current  from  the  opposite 
discharges  received  by  the  platinum  points  dipping  into  the 
iodide  of  potassium  solution,  under  the  action  of  the  induction 
current.”  “ The  process  in  the  fish  is  quite  similar  to  that  in 
the  induction  circuit.  The  circuit  remains  closed  for  some 
moments  after  the  shock  has  been  given,  how^ever  quickly  the 
saddle  be  lifted  ont  of  the  water,  there  being,  moreover,  no  especial 
reason  for  haste.  During  this  time  a secondary  current  must 
cross  the  current  of  the  fish  in  the  opposite  direction.  This  is 
derived  not  merely  from  the  charges  of  the  platinum  points 
which  dip  into  the  iodide  of  potassium  solution,  but  from  those 
of  the  platinum  saddle  also.  This  secondary  current  must  in- 
evitably  produce  a corresponding  spot  of  iodine  under  the  previous 
kathode  and  présent  anode”  (4  d,  p.  651  f.).  Du  Bois-Eeymond 
proved  by  experiment  that  demonstrable  polarisation  of  the 
électrodes  does  occur  from  the  discharge  of  the  fish.  The  current 
from  the  shock  was  conveniently  kept  away  from  the  galvanoraeter 
(by  the  frog-interi’upter)  through  a dérivation  circuit,  and  in 
order  to  make  the  polarisation  visible,  it  was  only  necessary  to 
open  this  as  soon  as  possible  after  the  shock. 

The  electrical  manifestations  in  those  species  which  were 
ternied  above  “ pseudo-electric  ” {Eaja,  Mormyrus)  are  much  less 
conspicuous  than  in  the  electrical  fishes  proper,  as  described 
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above.  Here,  as  in  muscle,  galvanometric  evidence  alone  is 
reliable.  James  Stark  (cf.  32)  was  lecl  to  the  discoveiy  of  the 
electrical  organ  of  the  ray  on  liearing  a fisherman  say  that  a 
shock  resulted  from  touching  the  tail  of  the  living  animal.  It  is, 
in  fact,  easy  with  the  galvanometer  to  détermine  the  fairly 
energetic  action  of  the  organ.  If  a living  ray  is  stretched,  with 
its  ventral  side  downwards,  upon  a board  (shaped  like  a draw- 
net),  the  body  being  then  immersed  in  sea-water,  so  that  only  the 
tail  projects  beyond  the  handles  of  the  board,  it  is  easy  to  apply 
two  unpolarisable  électrodes  corresponding  with  the  ends  of  the 
organ.  During  rest  there  is,  as  a rule,  little  or  no  différence  of 
potential.  Mechanical  stimulation  of  the  skin,  on  the  other  hand, 
always  produces  a discharge  of  such  intensity  that  even  a small 
fraction  (xèc))  current  is  sufficient  to  drive  the  scale  out  of 

the  field  (Burdon-Sanderson  and  Gotch,  13  c).  In  the  leading-off 
circuit  the  current  passes  from  posterior  to  anterior  electrode  in 
the  organ  itself,  therefore  it  is  antero- posterior.  In  the  Mov- 
myridæ,  as  pointed  out  by  Fritsch  (12  i),  the  electrical  current 
tlows  in  the  body  from  tail  to  head,  i.e.  in  the  same  direction  as 
in  Tor'pedo  and  G-ymnotus.  Specimens  1 5 and  2 0 cm.  long 
produce,  as  Babuchin  remarks,  “ hardly  perceptible  twitches  in 
the  rheoscopic  frog’s  leg,  while  fish  of  40  and  50  cm.  evoke 
sharp,  maximal  twitches,  and  can  be  felt  by  man,  although 
not  more  distinct  than  from  a torpédo  10  cm.  in  length.”  In 
vigorous  and  selected  animais  Fritsch  was  able  to  detect  dis- 
charges  with  the  frog-alarum,  when  the  électrodes,  dipping  into 
the  water  of  the  holder,  were  brought  as  near  as  20—30  cm. 
without  actually  touching  it. 

A.  V.  Humboldt  had  already  pointed  to  the  possibility  of 
a particd  discharge  of  the  electrical  organ  : lie  noted  that 
only  one  of  two  métal  rods  at  10—12  mm.  distance  from  the 
gymnotus  received  the  shock  ; the  other  not.  C.  Sachs  placed 
four  toads’  legs  on  four  different  points  of  a gymnotus  taken 
from  the  water.  Ail  four  twitched  with  strong  discharges,  but 
if  weak  shocks  were  provoked  by  picking  at  the  skin  of  the 
tail,  the  hindmost  préparation  alone  contracted.  In  view  of  the 
innervation  of  the  organ  of  Gymnotus,  its  “ local  discharges  ” 
(du  Bois-Iieymond)  are  easily  interpreted,  while  it  seems  equally 
clear  that  the  Mcdapterurus  organ  can  only  function  as  a whole. 
C.  Sachs  found  a striking  différence  in  regard  to  the  strength 
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of  tlie  discharge  froni  tlie  anterior  and  posterior  half  of  Gym- 
noius,  in  the  saine  sense  as  tbat  previonsly  noted  by  du  Bois- 
Eeymond  in  Malaptcrurus  (4  d,  p.  640),  wbere  the  anterior 
half  gave  niuch  stronger  deüections  of  the  galvanometer  than 
the  posterior  (in  the  ratio  of  about  11:6).  Since  tins  différ- 
ence, as  shown  by  du  Bois-Beymond,  disappears  with  increasiug 
résistance  of  the  experimental  circuit,  there  is  no  reason,  in 
Malcqderurus  at  any  rate,  to  assume  a different  E.M.F.  in  the 
two  halves.  The  diminishing  diameter  of  the  fish  (or  of  the 
organ)  in  the  antero- posterior  direction,  with  the  consecpient 
diminution  of  résistance  in  the  same  direction,  sufficiently  explains 
the  réaction.  In  Gymnotus  there  is  the  further  possibility  that 
the  posterior  prisms  of  Sachs’  bundles  (with  wide  compartments) 
may  give  a different  electroniotive  reaction  from  those  with 
small  chambers. 

Under  ail  circumstances  the  shock  increases  here  with  the 
length  of  the  fish,  and  the  question  then  présents  itself  whether  this 
is  due  to  diminution  of  résistance,  or  to  increase  of  E.M.F.,  or  both. 
As  appears  from  comparison  of  the  length  and  weight  in  different 
animais,  Gymnotus  grows  more  in  length  than  in  diameter,  so 
that  its  cross-sections  are  relatively  smaller  in  proportion  as  their 
length  increases  ; and  since  we  may  assume  that  the  reaction  of 
the  electrical  organ  will  be  the  same,  its  résistance  also  will 
diminish  more  slowly  than  if  the  organs  remained  parallel  in 
their  growth,  or  it  may  even  be  augmented.  In  any  case  the 
greater  intensity  of  shock  in  longer  fishes  must  be  referred  to 
increase  of  E.M.F. , and  not  to  diminution  of  résistance  (du  Bois- 
Pieymond). 

The  anatomical  relations  of  innervation  in  the  electrical  organs 
of  the  several  electrical  fishes  show  considérable  différences  as 
regards  the  initiation  of  spontaneous  (voluntary)  and  refiex  dis- 
charges. In  Torpédo  it  might  be  predicated  tbat  tbe  discharge 
after  destruction  of  the  electrical  lobe  or  sensory  nerves  leading  to 
it  could  only  occur  from  excitation  of  the  electrical  nerves,  or 
of  the  electric  lobe  itself  In  Malaiotcrurus,  too,  tbe  property  of 
spontaneous  and  refiex  discharges  must  be  associated  witb  tbe 
integrity  of  the  two  giant  ganglion-cells.  lu  Gymnotus,  on  the 
other  hand,  the  innervation  of  the  organ  is  evidently  more  analo- 
gous  to  the  muscular  innervation  of  the  fish.  Humholdt  fourni 
no  shock  from  the  decapitated  gymnotus,  so  that  when  an  animal 
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was  bisected,  tlie  anterior  lialf  alone  twitcbed,  and  tbe  experiiuents 
of  Sachs  confirm  this.  He  also,  in  individnal  cases,  obtained 
“ powerfnl  reflex  discharges  ” froin  tlie  beadless  trnnk,  whicli  can 
be  sensibly  felt,  as  well  as  expressing  tlieinselves  by  marked 
deflections  on  the  galvanoineter.  He  explains  tbe  absence  of 
eifect  in  the  majority  of  cases  as  follows  : “ Snialler  and  smaller 
sections  of  the  organ  are  thrown  into  simultaneous  activity  by 
the  rehex,  jnst  as,  on  decapitating  the  conimon  eel,  localised 
excitation  of  the  skin  is  followed  by  more  local  contractions  of 
the  muscles.”  A more  exact  investigation  of  these  partial  dis- 
charges, by  means  of  a superposed  frog’s  leg,  is  very  désirable. 

The  effect  of  strychnine  poisoning,  on  the  other  hand  (the 
action  of  which  was  proved  by  Matteucci  and  Boll  on  the  torpédo), 
is  highly  characteristic,  and  corresponds  with  what  might  be 
expected.  Marey,  too,  employed  strychnine  to  produce  retlex  dis- 
charges easily  and  certainly  upon  Torpédo,  and  he  made  graphie 
records  of  the  time-distribution  of  electrical  strychnine-tetanus. 
In  order  to  poison  the  animal,  he  dissolved  the  poison  in  the 
sea-water  of  its  trough.  Sachs  ohserved  convulsive  spasms  in 
Gymnotus  after  the  injection  of  strychnine,  accompanied  by  re- 
peated  single  discharges.  Eeflex  excitability  was  much  exag- 
gerated.  “ The  slightest  tap  on  the  wall  of  the  thick  wooden 
trough  produced  reflex  twitches  and  discharge.” 

III.  Discharge  from  Artificial  Excitation  of  the 
Electrical  Nerves  and  Central  Organs 

Anatomical  considérations  at  once  make  it  clear  that 
Gymnotus,  Raja,  and  Mormyrus  are,  among  the  electrical  fishes, 
the  least  suitable  for  indirect  excitation  of  the  organ,  since  the 
anatomical  arrangement  of  the  very  short  electrical  nerves 
présents  great  difliculties  to  the  dissection  of  a nerve-organ  pré- 
paration. “ In  Malaptcrurus,  a eut  which  hardly  draws  a drop 
of  blood  will  expose  a long  tract  of  both  the  nerves,  as  if  pre- 
pared  by  nature.  Eegular  strips  may  be  eut  ont  of  the  organ 
with  scissors,  of  any  length  and  breadth,  and  these,  bounded  ex- 
ternally  by  skin,  internally  by  fascia,  préservé  their  form  well.” 
In  Torpédo  also,  though  with  more  dilflculty,  it  is  possible  to 
préparé  and  excite  the  four  nerves  that  rnn  from  brain  to  organ. 
In  Gymnotus,  on  tlie  other  hand,  ahout  250  nerves  enter  the  elec- 
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trical  organ  on  either  side  of  the  spinal  cord.  “ These  are  too 
short  to  admit  of  a number  of  them  being  collected  into  a bundle, 
while  each  governs  too  small  a part  of  the  organ  to  be  sufficient 
in  itself”  (du  Bois-Eeymond,  4 e,  p.  187). 

In  order  to  make  the  necessary  préparations  from  Torpédo,  with 
simultaneous  control  of  the  activities  of  the  organ,  Schônlein  (30) 
placed  the  animal  upon  a flat  dish  of  zinc,  and  covered  the  skin  of 
the  back  above  the  organ  with  a second  zinc  plate  of  the  same 
shape  ; a téléphoné  in  circuit  with  the  two  contacts  signalled  the 
discharges.  After  dividing  the  medulla  oblongata,  and  extirpating 
the  spinal  cord,  there  is  no  difficulty  in  exposing  the  electrical 
nerves.  Préparations  consisting  of  the  two  organs  and  their  cor- 
responding  nerves  alone  are  somewhat  more  diffir.nit. 

We  hâve  already  discussed  the  character  of  the  pitch,  and 
intensity  of  the  natural  discharge  of  Torpédo  as  observed  in  the 
téléphoné.  It  is  essentially  characterised,  not  merely  to  touch 
but  also  to  the  ear,  by  the  sanie  manifestations  as  a rapid  sériés 
of  induction  currents,  so  that  with  electrical  stimulation  of  the 
animal  it  is  not  always  easy  to  separate  the  discharging  and  in- 
variably  audible  currents  from  the  shocks  discharged.  This,  how- 
ever,  becomes  possible,  owing  to  a striking  différence  in  pitch,  if 
with  uniform  distance  of  coil  the  électrodes  are  placed  first  upon 
one  of  the  electrical  nerves,  and  then  upon  the  exposed  lobe.  In 
the  latter  case  the  tone  swells  suddenly  to  “ the  pitch  of  a trumpet 
blast.”  With  weaker  stimulation,  and  the  introduction  of  the 
acoustic  current-interrupter,  it  is  often  possible  to  hear  a tone  of 
the  same  pitch,  but  different  intensity.  The  pitch  may  vary  with 
repeated  stimulation,  and  indeed  during  stimulation,  in  constant 
oscillations.  Electrical  excitation  of  the  part  of  the  brain  anterior 
to  the  lobe  again  as  a rule  provokes  a shock,  corresponding  in 
intensity  with  that  of  the  spontaneous  discharges,  i.c.  not  as  a rule 
coinciding  with  the  stimulation  frequency.  As  was  pointed  ont  by 
F.  liohniann  (29),  there  seenis  in  the  electrical  lobe  of  Torpédo 
to  be,  as  it  were,  a kind  of  localisation,  i.c.  a definite  grouping 
and  arrangement  of  ganglion-cells,  since  only  a limited  portion  of 
the  organ  can  be  excited  from  any  given  point  of  the  lobe. 

It  is  characteristic  of  every  spontaneous  (voluntary)  or  reflex 
discharge  of  an  electrical  organ,  that  it  is  discontinuons  like 
voluntary  muscidar  contraction,  and  consists  of  a closely-packed 
sériés  of  short  impacts  of  current  (Marey’s  “ JIilc  électrique  ”),  each 
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of  which  corresponds  to  an  elementary  motor  impulse,  producing 
tétanie  contraction  of  the  muscle.  Du  Bois-Reymond  proposes  to 
call  each  such  elementary  shock  a “ partial  discharge  ” (“  Tlieil- 
cntladimg  ”),  not  to  be  confounded  with  the  earlier  local 
(“  Slrecken-")  discharges  of  the  organ.  The  rate  of  the  incomplète 
discharges,  which — as  Marey  showed  with  the  Marcel-Desprez 
signal,  as  also  with  the  capillary  electrometer  and  téléphoné — make 
up  a shock,  dépends  much  upon  the  greater  or  less  energy  with 
which  the  animal  reacts,  and  it  falls  with  increasing  fatigue  or 
cooling.  There  are  usually  some  25  shocks  at  a rate  of  lOÜ— 
200,  on  an  average  150  per  sec.  This  gives  a duration  of  the 

24 

total  discharge  of  — ^ 4-  0'07^^  = 0'23  sec.,  assuming  for  the 

X O U 

duration  of  an  incomplète  discharge  the  figure  cited  by  Marey  for 
the  shock  froui  the  organ  produced  by  a single  impulse  from  the 
nerve,  i.e.  = 0’07". 

The  huzzins:  sensation  often  noted  in  the  shock  of  electrical 
fishes  is  not,  in  the  opinion  of  du  Bois-Reymond,  to  he  referred  to 
the  tétanie  character  of  the  discharge,  since  the  partial  dis- 
charges follow  too  quickly,  and  a total  discharge  is  too  soon  over. 
He  rather  holds  “ this  sensation  to  be  due  to  a succession  of  total 
discharges,  which  niay  become  half  fused,  so  as  to  form  maxima 
and  minima  of  the  curve  uniting  the  maxima  of  the  incomplète 
discharges  : hence  there  avises  a double  tetanising  ctenoid  ” (4  v, 
p.  239). 

Among  artificial  stimuli  the  electrical  current  is  really  the 
only  suitable  means  of  studying  the  indirect  excitation  of  the 
organ  exactly — for  the  same  reasons  as  in  the  nerve-muscle 
préparation.  In  mechanical  excitation  (pinching,  cutting)  of  the 
electrical  nerve  of  Torpedo,  Schonlein  (30)  heard  a “ very  slight 
scratching  noise  ” in  the  téléphoné,  whicir  could  only  be  detected 
when  the  room  was  quiet.  Crushing  the  nerve  between  two  glass 
plates  gave  the  same  resuit.  On  the  other  hand,  Babuchin  found 
the  electrical  nerve  of  Malapterurus  to  be  sensible  at  ail  points  to 
mechanical  stimulation.  “ The  bisection  of  the  trunk,  and  also  of 
its  branches,  with  sharp  scissors,  pressure,  stabbing  with  a thorn 
or  pointed  glass  needle,  never  failed  in  effect.”  Chemical  stimu- 
lation (bathing  in  saturated  solutions  of  sodium  or  potassium  salts) 
was  practically  inactive.  In  electrical  excitation,  single  induction 
shocks  acted,  if  at  ail,  only  at  high  intensities.  Sachs  was  unable 
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to  cletect  “ aiiy  appréciable  response  ” in  a nerve-organ  préparation 
of  Gymnotus  witli  the  strongest  single  induction  sliocks  obtained 
froin  a sliding  inductorium  by  means  of  the  therino-electric 
battery  (4  e,  p.  192),  and  he  also  failed  to  get  response  froin 
the  make  and  break  of  the  current  of  four  Groves  in  eitlier 
direction.  Sachs  apparently  refers  this  to  a spécial  property 
of  the  electrical  nerves,  and  not  to  the  organ,  ascribing  to 
the  former  a “ more  solid  molecular  constitution  ” and  “ more 
stable  equilibrium  ” than  to  the  nerves  of  other  animais.  Du 
Bois-Eeymond,  on  the  other  hand,  points  with  justice  to  the 
part  played  by  the  electrical  plates  of  the  organ,  the 
similarity  of  conditions  under  which  the  electrical  excitation 
of  sensory  nerves  will  discharge  reflex  movements,  and  an 
analogous  stimulation  showing  the  electrical  organs.  “ Gentle 
tétanisation  of  the  sensory  nerves  produces  marked  reflex 
twitches  of  certain  groups  of  muscles  from  the  cord  ; strong 
single  shocks  elicit  no  response.  Strong  single  shocks  sent 
into  the  electrical  nerves  discharge  no  shock  from  the  organ, 
while  it  responds  by  tetanus  to  the  gentle  tétanisation  of  the 
electrical  nerves.  The  electrical  plates  of  the  organ  therefore 
react  to  the  two  forms  of  excitation  of  the  electrical  nerves, 
as  the  gangiion-cells  of  the  cord  respond  to  the  same  kinds  of 
stimulation  of  the  sensoiy  nerves”  (4  e,  p.  272).  Eckhardt 
(11)  repeatedly  and  successfully  excited  the  electrical  nerves  of 
Torpédo  with  single  induction  shocks,  as  well  as  with  the  constant 
current.  In  the  last  instance  Schônlein  (/.c.)  again  observed  a 
peculiar  response  of  the  nerve-organ  préparation  of  Torpédo. 
On  leading  off  from  a bit  of  the  organ,  with  a current  of  1 6 Dan. 
and  6 Bunsen  passing  through  the  nerve,  he  found,  “according  to 
the  direction  of  current  at  closure  or  opening  of  the  exciting 
circuit,  or  even  at  both,  a single  movement  of  the  scale  ; during 
closure,  there  was  in  addition  a permanent  détection,”  the  direc- 
tion of  which  appeared  to  be  independent  of  tliat  of  the  current. 
The  possibility  of  current  escape  seemed  excluded,  since  on  cutting 
through  the  nerve  and  laying  the  ends  together  again,  as  well  as  on 
ligaturing  it,  the  deÜections  were  entirely  abolished.  There  is 
no  adéquate  explanation  of  this  eflect,  which  Sachs  apparently 
noted  on  Gymnotus  also  (4  e,  p.  189). 

Aftcr  this  discussion  it  is  unnecessary  to  state  that  the  much 
more  eiiective  tctanisiny  excitation  from  the  nerve  produces,  as  in 
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muscle,  a disconiinuous  change  ot  state  in  tlie  organ.  iliat  is  to 
say,  it  causes  repeated  discharges  at  the  rhythm  ot  the  excitation, 
which  snminate  into  a true  electrical  tetanus,  as  may  be  proved 
each  time  by  the  secondary  tetanus  of  a rheoscopic  frog’s  leg  lying 
on  the  organ,  or  otherwise  brought  into  the  discharging  circuit. 
Froni  observations  with  galvanoineter  and  telescope  Sachs  describes 
the  phenoinenon  of  electrical  tetanus  (at  great  distance  of  coil)  in 
the  Gymnotus  organ  as  follows  : “ The  thread  nioves  slowly  np- 
wards  in  an  absolute,  positive  direction  {i.e.  according  to  that  of  the 
direction  of  the  discharge),  pauses  there  with  twitching  up-and- 
down  movements,  and  then  falls  again  after  a short  time,  althongh 
not  to  the  zéro-point.  Sometimes  the  thread  will  suddenly  rise 
again  from  the  initial  height  at  which  it  rests.  When  tetanus 
ceases,  the  thread  drops  quickly  as  though  released  (4  e,  p.  193). 
liapid  succession  of  the  single  induction  currents  is  essential  on 
tetanising  the  organ  from  the  uerve,  siuce  even  the  most  rapid  hand 
make  and  break  of  the  current  from  4 Groves  proves  ineffective. 

In  Malapterurus  also,  according  to  Babuchin,  the  tétanisation 
of  the  electrical  nerves  is  followed  by  discontinuons  discharges, 
which  last  for  a longer  or  shorter  time  according  to  the  vitality 
of  the  organ  - préparation.  “The  shocks  can  be  felt  with  the 

Angers,  and  make  the  saine  impression  as  when  the  Angers  actually 
touched  the  inductorium.” 

The  trunk-Abres  of  the  electrical  nerves  of  Malapterurus  were 
found  by  Babuchin  to  be  little  sensitive  to  tetanising  currents. 
This  seems  partly  due  to  the  thick  perineurium,  since  currents 
that  failed  to  excite  the  thick  Abres  of  the  trunk  excited  the 
thinner  branches  effectively.  Schônlein  (30),  too,  on  tetanising 
the  nerves  to  the  organ  of  Torpédo  with  the  rheotome  (in  order 
to  déterminé  the  time-distribution  of  the  discharge),  found  the 
thre.shold  of  stimulation  to  be  very  high  in  comparison  with  the 
stimulus  required  by  frog-preparations,  and  he  is  inclined  to  refer 
this  solely  to  the  large  size  of  the  electrical  nerves.  The  diameter 
in  large  specimens  is  over  4 mm.,  and  the  cross-section  is  Alty 
times  as  great  as  in  an  average  frog’s  sciatic.  And,  in  fact,  on 
splitting  up  the  Abres  of  an  electrical  nerve  “ until  the  bundles 
were  as  Ane  as  in  the  frog’s  sciatic,”  Schônlein  found  that  “ the 
distance  of  coil  for  minimal  stimulation  lay  within  the  saine 
range  as  for  the  frog,”  a fact  that  is  of  great  importance  in  the 
question  of  immunity,  which  we  shall  presently  disciiss. 
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Seeing  the  extraordinary  wealth  of  nerves  in  the  electrical 
organ,  and  tlie  comparative  inefficacy  of  curare  {infra),  direct 
excitation,  more  particularly  electrical,  does  not  give  safe  evidence 
for  the  independent  excitability  of  the  substance  of  the  electrical 
plates.  At  the  saine  time  certain  results  undoubtedly  point  to 
such  a reaction.  Matteucci  made  some  successful  experiments 
with  direct  mechanical  stimulation  (pricking,  cutting,  etc.)  upon 
the  excised  prisms  of  Torimlo.  He  then  observed  twitches  in 
the  rheoscopic  frog’s  leg,  when  its  nerve  was  applied  to  the 
préparation.  Du  Bois-Eeymond,  it  is  true,  points  out  that 
Matteucci  seems  “ always  to  hâve  hit  upon  a visible  branch  of 
the  nerve.” 

Babuchin  (1)  elicited  “fairly  strong  shocks”  from  Malaperurus, 
on  cutting  the  organ,  even  at  parts  where  the  unaided  eye  failed 
to  discover  any  fibres  of  nerve  upon  the  inner  surface,  and  Sachs 
also  succeeded,  by  striking  an  organ-preparation  placed  between 
unpolarisable  électrodes  in  the  galvanometer  circuit  lightly  with 
the  fiat  part  of  a ruler,  in  obtaining  frequent  deflections,  the  size 
of  which  depended  unmistakably  upon  the  strength  of  the 
mechanical  stimulation.  The  same  occurred  on  touching  the 
préparation  with  a hot  soldering-iron.  The  action  of  Chemical 
stimulants  is  especially  interesting,  since  it  is  here  that  we  should 
expect  excitation  of  the  plates,  independent  of  the  ingoing  nerves 
that  ramify  in  them.  Sachs  found  on  placing  a strip  of  filter- 
paper  upon  the  skinned  latéral  surface  of  the  long  section  of  a 
strip  of  organ  3-4  cm.  in  length  (of  which  ail  the  sections  were 
artificial,  the  lead-off  being  from  the  two  cross-sections),  that  the 
galvanometer  magnet  was  at  once  deflected  in  the  direction  of 
the  discharge  when  ammonia  was  dropped  on  the  paper  with  a 
pipette.  Ammonia  is,  of  course,  a strong  stimulus  to  muscle, 
while  it  does  not  appreciably  excite  the  nerve.  Moistening  of 
the  cross-section,  on  the  other  hand,  gives  no  perceptible  effect 
on  the  same  préparation  (4  c,  p.  178),  which  may  be  due  to  the 
fact  that  the  ammonia  here  can  only  penetrate  slowly  through 
the  transverse  partitions,  while  it  easily  gets  “ into  the  upper  and 
lower  spaces  opened  by  longitudinal  section  in  ail  the  compart- 
ments  that  are  beneath  the  wetted  part  of  the  filter-paper.” 

In  order  to  test  the  action  of  direct  electrical  excitation, 
Sachs  led  single  induction  shocks,  tlirough  unpolarisable  électrodes, 
into  a prismatic  organ-preparation  lying  on  the  pads  of  du  Bois- 
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EsynioiicVs  zinc  trougli,  tis  in  Fig-  2/1.  It  is  évident  that  theie 
must  under  these  conditions  be  car- 
rent escape  into  the  galvanonieter 
circuit,  whicli  niust  be  investigated, 
and  allowed  for  at  the  end  ot  tbe 
experiment.  There  is  in  tbe  first 
place  the  not  very  striking  fact  that 
make  shocks  do  not  excite  the  organ- 
preparation,  while  break  induction 
currents  elicit  effective  discharges. 

The  electrical  organ  therefore  reacts 
like  niost  excitable  substances.  It  is 
further  remarkable  that  (according  to 
Sachs’  experiments)  break  shocks 
heterodromous  to  the  discharge  from 
the  organ  excite  more  strongly  than 
homodromous  currents.  Schônlein 
was  unable  to  confirm  this  for  Tor- 
■pedo.  Induction  shocks  passed  trans- 
versely  to  the  organ  appear  to  hâve 
the  least  effect.  A rapid  sériés  of 
induced  (alternating)  currents  (tetanus) 
sives  large  deflections  in  the  direction 
of  the  discharge,  with  a distance  of 
coil  at  which  single  break  shocks, 
under  the  niost  favourable  conditions, 
give  little  or  no  effect.  This  is  again 
the  same  reaction  as  on  stimulating 
ganglion-  and  gland-cells,  as  well  as 
ail  sluggishly  reacting  contractile 
substances. 

The  simple  method  of  curarising, 
by  which  it  is  so  easy  to  exclude  the 
nerves  in  the  muscles  of  niost  ver- 
tebrates,  breaks  down  almost  entirely 
for  the  electrical  organs,  since  electrical 
fishes,  and  more  especially  Torpédo, 
are,  like  ail  other  fish,  comparatively 
immune  to  curare.  This  is  évident 
in  the  nerves  to  the  muscles,  but  still  more  in  the  electrical 
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and  their  nerves,  which  talce  inuch  longer  in  beconiing  paralysed. 
With  very  strong  doses  of  cnrare,  Steiner  (33),  and  later  on  llanvier 
and  Boll  (4  c,  p.  194),  as  previously  Marey,  succeeded  in 
paralysing  not  merely  the  inotor  Lut  also  the  electrical  nerves 
in  Toiyedo.  The  poison,  of  course,  took  effect  more  quickly  when 
injected  directly  iuto  the  blood,  than  when  it  was  given  subcutane- 
ously  or  through  the  abdominal  cavity.  According  to  Babuchin,  1 
■cc.  of  a 2 ^ solution  is  sufficient,  in  the  first  case,  to  induce  com- 
plété motor  paralysis  in  a full-grown  torpédo  in  15-20  min.,  while 
the  electrical  organ  is  still  reflexly  excitable;  in  subcutaneous 
application  three  times  the  dose  was  required.  McilaptevuTus  was 
found  to  give  the  saine  reaction.  Schônlein  states  that  in  order 
to  obtain  a complété  effect,  in  which  case  the  direct  excitability 
of  the  organ  also  disappears  completely,  it  is  necessary  to  give 
enormous  doses  (15  cc.  of  a T ^ solution  = 6 decigr.  curare),  even 
when  the  poison  is  injected  directly  into  the  blood  (anterior  gill 
artery).  Immediately  after  injection  of  the  first  5 cc.,  one  or 
two  Sharp  discharges  occur  with  commencement  of  an  opistho- 
•tonus,  followed  by  a rapidly  - decreasing  tetanus  of  the  organ. 
Weak  refiex  discharges,  however,  continue  for  some  time  on 
touching  the  animal,  unless  a second  and  even  third  injection  is 
given,  after  which  it  is  still  necessary  to  wait  some  20  min. 
Schônlein  inclines  to  make  the  slow  circulation  responsible  for 
;this  pronounced  immunity  to  curare.  Armand  Moreau  (23) 
■could  not  discover  any  action  of  curare  upon  the  electrical  nerves 
of  Torpédo.  It  is  easy  to  paralyse  small  torpedoes  so  completely 
by  subcutaneous  injections  of  about  cc.  of  1 % solution,  that 
there  is  no  sign  of  movenient  on  stimulating  the  cord  or  motor 
nerves  ; whereupon  mechanical  excitation  of  the  skin  will  still  effect 
retlex  discharges  of  the  sanie  strength  as  before  the  intoxication. 

Sachs  inade  two  curare  experinients  on  Gi/mnotus,  showing 
•complété  paralysis  of  the  electrical  nerves  with  very  strong  doses. 
Tétanisation  with  normal  distance  of  coil  then  gave  hardly  any 
perceptible  effect  on  the  galvanonieter,  while  direct  stivudation 
still  ccdled  ont  very  mctrlccd  dcjiections,  as  also  the  application  of 
aminonia  to  the  long  section  of  the  organ -préparation.  AVe 
cannot,  however,  regard  these  observations  as  proof  of  the 
independent  excitability  of  the  electrical  plates,  which  Schônlein 
regards,  on  the  strength  of  the  curare  experinient,  solely  as 
“ nerve-eiKlings.” 
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IV.  Tdie-Distribution  of  Discharge  from  Electrical 

Fl  su  ES 

Seeiiig  the  close  relation  between  inost,  if  not  ail,  electrical 
orgaiis,  and  striated  muscle,  it  is  interesting  to  compare  the  time- 
distributioii  of  the  twitch,  or  accompaiiying  current  of  action, 
with  that  of  the  discharge.  In  the  tirst  place  it  niust  be  asked 
whether,  with  a single  momentary  stimulus,  there  is  any  latent 
period  of  the  elementary  discharge  which  it  elicits  from  the 
organ.  Marey  at  first  decided  in  the  affirmative  for  Torpédo. 
Ey  means  of  a pendulum-myograph  the  circuit  (in  which  there  was 
a rheoscopic  frog’s  leg,  as  well  as  the  organ  which  was  excited 
from  its  nerve  by  single  induction  shocks)  could  be  closed  for  a 
moment  at  any  given  time  after  the  excitation,  so  that  a fraction 
= was  eut  ont  of  the  discliarge.  ïhis  fraction,  expressed 
on  the  leg  as  a twitch,  might  therefore  be  shifted  along  the  clis- 
charge,  so  that  on  one  hand  the  total  duration  (yVO’ 
other  the  presence  of  a perceptible  latency,  could  be  determined, 
since  a certain  interval  between  the  fraction  eut  ont  and  the 
moment  of  stimulation  was  required  in  order  to  produce  con- 
traction. The  time  occupied  by  the  conduction  of  excitation 
from  nerve  to  organ  was  thought  by  Marey  to  be  negligible  on 
account  of  the  shortness  of  the  nerve. 

Another  of  Marey’s  methods  was  founded  on  the  earlier 
experiment  of  v.  Helmholtz,  by  which  the  fraction  of  the  négative 
variation  of  the  muscle  current  that  discharges  a secondary 
twitch  was  determined.  Two  twitches  of  a frog’s  nerve-muscle 
préparation  were  graphically  recorded,  one  being  discharged 
directly  by  an  induction  shock,  the  other  through  the  discharge 
of  the  organ,  generated  by  the  induction  current  at  the  sanie 
position  of  the  indicator  (Fig.  272).  The  displacement  of  the 
curves  corresponds  with  the  latent  period  of  the  discharge,  and 
less  with  the  time  lost  in  nervous  conductivity,  which  is  again 
neglected,  although  Marey  had  already  remarked  that  excitation 
travels  more  slowly  in  electrical  than  in  frogs’  nerves,  as  was 
subsequently  confirmed  by  Jolyet  and  Gotch.  Gotch  determined 
the  commencement  of  the  galvanometer  etfect  on  a nerve-organ 
préparation  by  stiniulating  the  nerve  at  points  farthest  from  and 
nearer  to  the  organ.  If  the  distance  amounted  to  13  mm.  tlie 
galvanometer  effect  began  earlier  on  stimulating  the 
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proximal  point  ; this  gives  a rate  of  propagation  of  6 ‘5  m.  per 
sec.  (at  12°  C.),  or  in  anotlier  case  7'3  m.  Schônlein  has 
recently  given  niuch  higher  vaines  (12-27  m.),  and  reckons 
them  in  the  same  order  as  tliose  of  frogs’  nerves. 

Marey’s  experiments  seem  to  give  a latent  period  of  O'Ol"  for 
the  discharge  of  Torimlo,  i.e.  the  value  originally  given  by  von 
Helmholtz  for  twitch  in  the  frog’s  musele.  But  as  here,  so  in 
the  electrical  organ  it  was  snbsequently  found  that  if  there  is 
any  latent  period  of  discharge — in  the  sense  that  the  causative 
alterations  in  the  substance  of  the  plates  are  initiated  later  than 


Fm.  272. — c = twitch  from  the  muscle,  as^uiarking  moment  ofj stimulation  ; cÿ  = latent  period  of 
muscle  twitch  disoharged  directly  by,.an"iuductiou  shock’  cf  = lateut  period  of  twitch  from  the 
orgau  discharge;  si  = latent  period  of  electrical  organ. 


the  commencement  of  excitation  (which  from  analogy  with  the 
electrical  phenomena  of  muscle  is  not  very  probable)  ^ snch 
latency  must  be  niuch  smaller  than  the  original  détermination. 

Sachs,  who  experimented  on  Gymnotm  by  a method  corre- 
sponding  on  the  whole  with  Marey’s,  employed  direct  stimulation 
with  0}>ening  shocks,  because  it  was  found  impossible  to  excite 
organ-preparations  from  the  nerve  by  single  induction  shocks. 
He  also  adopted  Bouillet’s  method  of  time-measurement.  The 
arrangement  is  according  to  Fig.  273. 

The  strip  of  organ  ( VH)  lies  between  the  clay  shields  of  the 
leading-in  électrodes,  from  which  wires  lead  to  the  double  reverser 
{D  PF).  Other  wires  corne  from  the  nnpolarisable  électrodes 
applied  to  the  organ,  that  lead  in  the  break  shock  from  the 
secondary  coil  (/SU);  the  latter  is  discharged  by  Helmholtz’s  switcli 
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(Jf'TF  ),  TF  beilig  opened  at  the  same  moment  iu  which  the  time- 
measuring  circuit  is  closed  at  JF.  W^itli  the  double  reveiser,  as  iu 
JJ,  the  organ -préparation  is  not  excited,  and  the  break  shock  diTcctly 
excites  the  nerve  of  the  frog’s  muscle.  The  time-measuiing  cir- 


Fig.  273. 


cuit  is  therefore  closed  only  during  the  period  occupied  by  the 
transmission  and  latency  of  excitation  in  the  nerve  and  muscle, 
since  the  contracting  muscle  opens  the  galvanometer  circuit  at  H. 
In  on  the  other  hand,  the  frog-preparation  is  stimulated  by 
the  discharge  from  the  organ-preparation,  and  the  closure  of  the 
VOL.  Il  2 F 
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galvanometer  circuit  is  accordingly  longer  than  the  latent  period 
of  the  shock.  This  may  be  calculated  on  du  Bois-Iieymond’s 

formula  for  the  a-periodic  magnet  T = — . x,  B being  the 
deflection  from  tlie  constant  current  ; e,  the  basis  of  the  natural 
logarithms  ; x,  the  effect  due  to  current  impact  ; t m a x,  the 
duration  of  this  or  any  other  effect  under  the  same  conditions. 

Sachs  accordingly  gives  a value  of  0'00350",  which  ap- 
proximately  coïncides  with  the  latency  of  the  muscle  element 
as  given  by  Gad.  Gotch  détermines  it  for  Torpédo  at  5°  G., 
as  0’012"— 0'014"  ; at  20°  G.,  on  the  other  hand,  it  is  only  O'OOS". 
He  invariably  finds  the  latent  period  less  in  large  speciniens 
than  in  small,  and  this  cannot  be  altogether  referred  to  the 
greater  intensity  of  discharge  in  the  first  case.  Schônlein,  on 
exciting  Torpédo  indirectly  with  descending  constant  currents, 
found,  with  Bernstein’s  rheotome,  a latent  period  of  only  0'0002— 
0’00025  secs.  Since  (as  was  said  above)  it  cannot  be  sup- 
posed  that  any  appréciable  time  elapses  in  a plate  of  the  electrical 
organ,  between  the  impact  of  a stimulus  and  the  initiation  of  the 
Chemical  process  that  underlies  the  electromotive  action,  the 
apparent  latency  of  the  discharge  in  electrical  organs  must  be 
referred  solely  to  the  imperfection  of  experimental  technique. 

The  duration  of  discharge  from  the  electrical  organ  seems,  like 
its  latency,  to  be,  generally  speaking,  of  the  same  order  of  magni- 
tude as  that  of  the  muscle  twitch.  Du  Bois-Eeymond  pointed 
this  out  as  early  as  1857  with  the  frog-interrupter.  He  led  a 
branch  of  the  current  discharged  by  Gymnotns  into  the  nerve  of 
the  frog’s  gastrocnemius  muscle,  which  in  twitching  opened  the 
galvanometer  circuit.  With  increased  after-loadiug  of  the  muscle 
the  initial  detlections  became  steadily  larger,  while  if  the  twitch  did 
away  with  a shunt  to  the  galvanometer  circuit  the  terminal  de- 
flections  became  snialler  and  smaller.  “ With  sufficient  loading  a 
point  is  reached  at  which — in  the  first  case — the  deflection  of 
the  mirror  due  to  the  discharge  shows  no  further  increase,  while  in 
the  second,  witli  unpolarisable  (leading-off)  saddles,  there  is  only  a 
weak  and  inconstant  reniainder  of  the  discharge.”  Marey  sub- 
sequently  determined  the  period  of  the  discharge  of  Toiycdo  {sup>ra) 
witli  the  pendulum-myograph  at  about  Sachs  experimented 

011  Gginnotns  liy  du  Bois-Beymond’s  method.  His  apparatus  is 
given  in  Fig.  274. 

Leading-off  saddles  are  applied  to  the  fish  in  water,  the  cuiTent 
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weve  coimectecl  as  iii  Fig.  275.  iF, 
opens  the  primary  circuit  of  an 


duction  coil,  the  break  shock 
passed  into  the  nerve  of  au 
préparation.  A correspoiiding 
of  the  discharge  that  follows 
upon  the  galvanometer  when 


1 

in- 
being 


organ- 


part 

acts 

the 


being  led  through  wires  to  the  galvanometer  circuit,  which  includes 
the  frog-interrupter  Two  copper  électrodes  {EE^  are 

further  placed  in  the  frog-trough,  their  wires  being  connected  with 
the  muscle  of  the  frog-alarum  and  of  the  frog-interrupter. 
The  tirst  was  directly  excited,  owing 
to  the  force  of  the  shock  from  the 
gymnotus,  the  last  indirectly,  from 
the  nerve,  by  means  of  the  exciting 
reed.  “ With  the  reverser  placed  as 
in  the  figure,  the  lever  of  the  inter- 
rupter  forms  part  of  the  experimental 
circuit.  The  arrows  show  the  direc- 
tion of  current.  With  the  reverser 
turned  over,  the  lever  makes  the  shunt 
circuit  ; this  distribution  of  current 
corresponds  with  the  dotted  arrows.” 

Gotch  has  recently  employed 
another  and  widely  applicable  method 
in  his  numerous  experiments  in  time- 
measurement  on  the  torpédo.  The 
apparatus  is  essentially  modelled  after 
du  Bois-Fieymond’s  spring-myograph. 

Three  eontacts  W,  K,^,  which  are 
opened  in  succession  by  the  trigger. 


openmg 


of  abolishes  a shunt  to 


the  galvanometer  circuit.  Lastly, 
the  latter  is  permanently  opened 
(Ijy  A3),  so  that  the  discharge  from  the  organ  only  acts  upon  the 
galvanometer  for  the  period  between  the  opening  of  and  K,^. 
The  trigger  shoots  past  so  rapidly  that  this  iuterval  niay  be 
reduced  to  O'OOl".  Hence  if  K.^  is  opened  O’Ol"  after  A7, 


while  Ag  is  gradually  withdrawn  from  Ag,  the  effect  on  the 


galvanometer  will  be  perceptiljle  xiao"  after  the  stimulation 
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of  the  iierve,  and  reaches  its  full  development  at  i"or  tlie 

rest,  the  rapidity  of  réaction  is  obviously  inodihed  by  température. 




A'.,  A'o  A'] 


Fig.  '275. — Sclieiiia  of  apparatu.s  for  determining  tlie  duration  of  tlie  Torjmlo  di.scharge.  (Gotcli.) 


Fin.  27(i. 


Fig.  27G  (a  schéma  by  Gotch,  in  whicli  the  ordinates  are 
the  galvanoineter  detlections,  the  figures  (10,  20,  30,  etc.)  on 
the  abscissa  yy^to"’  tlieir  commencement  the  moment  of 
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stimulation)  shows  tliat  the  cliscliarge  froin  the  orgaii  quickly 
reaches  its  maximum  after  the  period  of  latency,  which  maximum, 
uulike  the  latent  period,  is  higher  in  large  vigorous  speciniens 
(curve  a)  than  in  small  animais  (curve  h).  It  déclinés  much 
more  slowly,  passing  gradually  into  an  after -effect  in  the 
direction  of  the  discharge,  which  may  last  for  minutes  after  a 
single  brief  stimulus.  The  duration  of  shock  is,  in  round  numbers, 
0-04-0-06"  on  exciting  a lively  fish  with  break  induction  shocks 
at  room  température.  Schbnlein  determined'  the  period  of 
discharge  at  O’OOS"  or  less,  a value  that  agréés  with  Goteh’s 
ligures  for  the  direct  total  excitation  of  a bundle  of  prisms. 

Jolyet,  in  his  time-measurements,  occasionally  observed  a rise 
and  fall  of  the  discharge  in  the  organ,  on  stimulating  the  nerve 
with  a single  induction  shock,  which  he  referred  to  temporal 
différences  in  the  commencement  of  discharge  in  different  parts 
of  the  organ.  Gotch  obtained  the  saine  effect  subjectively  on 
dividing  the  nerve  of  an  organ  - préparation  held  between  the 
Angers,  with  a rapid  scissors’  eut.  The  oscillatory  form  of  the 
curve  of  discharge,  with  several  (even  4)  apices,  can  then  be 
detected  unmistakably  with  the  spring  rheotome  after  each  single 
stimulus,  both  on  larger  strips  of  organ,  and  on  bundles  of  a few 
prisms  only.  The  following  table  gives  the  results  of  such  a 
sériés  of  experiments,  and  shows  that  at  about  ^ft^r  the 

first  maximum  of  the  discharge  there  is  a second  weaker  and 
(after  another  ^hô")  ^ third  still  weaker  maximum  : 


Galvaiio- 

nieter. 

K2  K3 
0-001" 
to 

0-0125" 

Ko  K 3 
0-0125” 
to 

0*015'^ 

K'2  K;3 

0-015" 
to 

0-0175" 

Ko — Ko 

0-0175" 

to 

0-02" 

Ko— K., 

Ô-0-2" 

to 

0 -0225" 

Ko  K3 
0*0225" 
to 

0-025" 

Ko— Kg 

0-025" 

to 

0-0275" 

1 rJiT 

0 

+ 48 

+ 307 

+ 316 

H- 75 

+120 

+ 225 

I I 

I.  Max.  II.  Max. 


Galvano- 

meter. 

Ko— K.j 
0-0275" 
to 

0-03" 

K2  Kg 
0-03" 
t 

0-0325" 

K^-Kg 

0.0325" 

to 

0-035" 

Ko — Kg 
0-035" 
to 

0-0375" 

K.i — K 3 
0*0375" 
to 

0*04" 

K0-K3 

0-04" 

. to 

0-0425" 

Ko-Kg 

0-0425" 

to 

0 045" 

+ 212 

+ 89 

+ 64 

+ 98 

+ 130 

+ 30 

+ 24 

III.  Max. 


These  results  are  even  more  apparent  from  the  schéma  in  Fig.  277. 
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Schonlein  notée!  the  saine  etfect  in  the  discliarge  of  Torpédo 
froin  a single  indnction-current  with  Bernstein’s  rheotome,  i.e.  rise 
and  fall  of  the  climax  two  or  three  times  in  succession.  “ Usually, 
but  not  always,  the  first  apex  is  liigher  than  the  second,  and  if 
the  latter  is  greatest  the  différences  of  apex  height  are  generally 
less  than  in  the  opposite  case.  The  intermediate  section  is  very 
deep,  often  reaching  to  the  ahscissa  without,  however,  Crossing  it 
on  the  other  side.”  The  duration  of  the  single  partial  discharges 
varies  little.  It  is  reinarkable  that  the  sanie  forni  of  curve  with 


Fio.  277. 


several  apices  is  exhibited  with  siniilar  excitation  of  the  electric 
lobe,  so  that  it  is  questionable  whether  in  tlie  last  case  the 
ganglion-cells  or  only  the  nerve-libres  are  excited. 

Schonlein  obtained  true  simple  ciirves  of  discharge  with  one 
apex,  corresponding  with  a single,  non-oscillating  discharge  of  the 
Torpédo  organ,  only  on  stiniulating  the  nerve  with  single  dcsccndimj 
impacts  of  current,  as  sliowii  by  tbe  rbeotome  with  50  Dan.  in 
the  exciting  circuit.  On  stiniulating  with  useending  constant 
currents  it  is  seen  that  the  discharge  usually  begins  much  later, 
and  iiicreases  more  slowly,  than  with  the  descending  direction. 

The  cliaracter  of  the  effects  further  dépends  iipoii  the 
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length  of  intrapolar  tract,  and  tlie  latent  period  niay,  witli 
40-50  imu.,  be  prolongecl  0-0055-0'004  sec.  With  shorter 
interpolai’  tracts  tliere  is  usnally  an  introductory  apex,  its 
latency  of  discliarge  with  descending  currents  being  sometimes 
0,  sometimes,  however,  of  measurable  proportions.  Tins  Schôn- 
lein  refers  to  the  diminution,  not  merely  of  rate  of  conductivity, 
but  also  of  intensity  of  excitation,  due  to  anelectrotonic  inhibition 
at  the  anode  during  each  single  impact  of  current  (O’OOl  dura- 


Flfi.  278.— Excitation  of  one  organ-preparation  by  discharge  from  another,  through  the  ner\  e, 

(Gotch.) 


tion).  We  should  anticipate  that  the  discharge  of  an  organ- 
preparation  provoked  by  excitation  of  the  nerve  would  be  sufficient 
to  excite  directly  a second  préparation  in  the  same  circuit. 
The  accompanying  schemata  (Fig-  278)  show  that  there  iiiiist 
then  be  either  summation  or  subtraction  of  the  galvanometer 
effect.  That  tins  is  actually  the  case  lias  been  proved  by  Gotch 
with  the  spring-rheotome.  The  alteration  (augmentation  oi 
diminution)  of  the  galvanometer  efïect  caused  by  the  discharge 
of  the  nerve-organ  préparation  appears  rcgularly  about  O’Ol" 
after  the  maximum  of  the  discharge.  One  then  asks  whether 
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self-excitation  of  the  organ,  by  its  own  clischarge,  is  not  merely 
possible  but  the  rule.  Gotcli  refers  the  multiple  apices  of  the 
curve  of  discharge  {supra),  on  stimulating  with  single  induction 
shocks,  principally  to  a second  set  of  discharges  excited  from 
other  prisms  by  the  current  of  those  first  discharged  by  the 
impulse  from  the  nerve,  so  that  the  later  discharges  are  in  a 
sense  analogous  with  secondary  contraction.  Schônlein  urges 
against  tins  view  that  oscillating  discharges  might  then  be 
expected  with  brief  closures  of  the  battery  current,  which  is  not 
the  case. 


V.  Immunity  of  Electrical  Fishes  to  their  own 
j Discharge 

It  is  in  the  last  degree  surprising,  in  view  of  the  intensity 
of  physiological  action  in  the  discharge  of  electrical  fishes,  that 
the  most  powerful  shocks,  which  at  once  kill  fish  or  other  animais 
within  reach,  should  apparently  not  hâve  the  smallest  effect  upon 
the  generators  of  these  electrical  batteries,  although  “ the  body 
of  an  electrical  fish  is  better  fitted  to  reçoive  the  shock  of  its  own 
organs  than  the  body  of  any  otlier  animal  ” (du  Bois-Eeymond). 

Humboldt  made  experiments  on  Gymnotus  which  show  the 
insensibility  of  the  animal  to  the  most  powerful  shocks  from  its 
own  kind.  He  chose  out  one  strong  and  two  very  weak  gymnoti, 
placing  them  so  that  the  weak  fish  led  the  discharge  from  the 
vigorous  animal  into  his  own  body.  The  two  weak  fish  were 
totally  unaffected.  He  suggested  that  the  skin  might  be  a pro- 
tection against  the  electrical  current,  and  this  opinion  was  widely 
held  before  the  publication  of  du  Bois-Eeymond’s  “ preliminary 
sketch.”  Du  Bois  showed  first  in  3Ialapternrus  that  two  wires 
insulated  down  to  the  ends,  and  introduced  into  mouth  and  gut, 
reeeived  the  discharge  in  any  position,  and  led  it  off  externally 
in  accordance  with  the  reeeived  théories,  thus  proving  that  the 
shock  really  passes  through  the  body  of  the  fish,  though,  strangely 
enough,  the  point  was  again  disputed  by  de  Sanctis  in  1872. 
Malaptcrurus,  moreover,  proves  to  be  as  insensible  to  other  electrical 
shocks  as  to  its  own.  “ The  alternating  currents  of  an  induc- 
torium,  which  soon  killed  the  fresh-water  fish  in  the  trough,  were 
hardly  detected  by  Malapteimrus.  It  only  pointed  its  barbels 
backwards,  and  placed  itself  with  its  body  vertical  to  the  least 
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density  of  the  liiies  of  current.  It  occasionally  sliowed  disturb- 
ance by  discliarging  its  own  batteries.”  A dying  malapterurus 
was  placed  in  a sinall  parallelepipedic  glass  trough,  which  it 
nearly  filled,  and  was  excited  by  du  Bois-Eeymond  (4  cl,  ii.  640) 
with  the  sliding  inductorium,  the  coils  being  pushed  up,  and  two 
Groves  in  the  priinary  circuit.  Its  breathing  was  not  disturbed, 
nor  did  any  discharge  follow.  It  was  equally  insensible  to  the 
constant  current  from  a battery  consisting  of  thirty  Groves,  which 
is  noteworthy  inasmuch  as  the  relative  iminunity  inight  hâve  been 
conjecturally  referred  to  the  tiine-distribution  of  the  current  (as 
in  smooth  muscle).  Schonlein  further  communicated  to  the 
author  that  he  was  unable  in  Cephalopoda,  Crayfish,  and  different 
fishes,  with  an  induction-apparatus  double  the  usual  size,  having 
four  Bunsen  cells  in  the  prhnary  circuit,  to  excite  any  sign  of 
action  when  the  wire  from  one  pôle  (insulated  right  clown  to  the 
end)  was  brought  as  close  as  1 cm.  to  the  animal,  the  other 
pôle  being  connected  with  a small  plate  on  the  floor  of  the 
holder. 

Gymnohis  was  found  by  Sachs  to  be  equally  immune  to  its 
own  shocks.  He  relates  that  “10  gymnoti  were  quietly  extended 
in  the  middle  of  the  canoë,  nearly  ail  close  together.  I dipped 
my  finger  in  the  water  at  a distance  of  three  feet,  and  tickled  the 
back  of  the  largest  animal  with  a stick.  Several  capable  persons 
were  told  off  to  watch  the  animais,  one  to  each.  In  spite  of  the 
distance,  I received  an  appréciable  shock.  Hot  one  of  the 
animais  gave  the  faintest  sign  of  movement  ” (4  cl,  p.  267). 

At  the  saine  time,  this  iminunity  (as  follows  from  the  previous 
discussion)  is  far  from  absolute.  Babiichin  saw  a small  nialapte- 
rurus  that  had  bitten  the  llanks  of  a larger  animal  draw  back  to 
a distance,  while  he  received  a shock  at  the  sanie  moment  through 
his  immersed  fingers,  and  Steiner,  whose  observations  were  con- 
firmed  by  Fritsch,  lias  seen  small  torpedoes  twitch  from  shock  on 
Corning  into  contact  with  larger  ones.  Schonlein  (/.c.)  States  that 
if  prégnant  female  torpedoes  from  which  the  embryos  hâve  been 
removed  are  laid,  still  living,  upon  each  other,  no  single  animal 
will  move.  “ They  ail  lie  in  relaxed  condition,  or  ail  beconie 
suddenly  rigid,  like  a frog  from  which  the  spinal  medulla  lias 
been  extirpated.  When  this  last  occurs,  a shower  of  electrical 
shocks  passing  tliroiigh  the  entire  heap  of  animais  is  plainly  felt 
011  the  hand.  They  cou  tract  collectively  withoiit  exception.”  The 
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fresher  and  more  healthy  the  animal  {Tor])edo) — the  signs  being 
arched  back  and  slight  protubérance  of  the  contours  of  the 
organs — the  more  certainly,  according  to  Schônlein,  will  it  react 
to  every  discharge. 

Silice  the  electrical  nerves  may  be  excited  by  the  discharge 
of  the  animal  itself  as  well  as  by  artificial  currents,  the  compara- 
tive immunity  of  the  electrical  fishes  might  dépend  principally  upon 
quantitative  différences  in  the  threshold  of  excitation  for  their 
nerves  as  compared  with  the  nerves  of  other  animais,  and  many 
facts  seem  at  first  sight  to  support  this  view.  Boll  made  com- 
parative observations  on  the  nerves  of  a frog’s  leg  and  the  first 
spinal  nerves  of  Torpédo,  tetanising  them  with  the  sliding  induc- 
torium  according  to  Eosenthal’s  method  for  determining  the  différ- 
ence of  excitability  in  nerve  and  muscle.  Contraction  always 
occurred  in  the  frog’s  muscle  at  a greater,  often  far  greater,  dis- 
tance of  coil  than  in  the  Torpédo  muscles.  Humboldt  lias  a 
corresponding  observation.  To  his  surprise  lie  failed  to  ehcit 
twitches  from  the  exposed  muscles  and  muscle-nerves  of  Gym- 
notits  with  a simple  circuit  (silver-zinc),  although  lie  succeeded  in 
doing  so  under  the  sanie  circumstances  in  other  animais. 
Schônlein  has  recently  made  legitimate  objections  to  Boll’s  ex- 
perinient,  protesting  against  the  application,  to  the  doctrine  of 
immunity,  of  his  own  experinients  on  the  apparently  sluggish 
excitability  of  electrical  nerves  (svpra).  In  any  case, 
further  comparative  observations  in  this  direction  are  much 
wanted  before  any  sufficient  explanation  of  the  apparently  deep- 
seated  immunity  of  electrical  fishes  to  electrical  discharges  of 
any  kind  caii  be  given.  That  such  really  does  exist  appears  to 
Biedermann  évident  from  the  reaction  of  the  most  powerful 
electrical  fishes  {Gymnotus  and  Malapiterunis),  the  shocks  of 
which  may  be  fatal  to  other  animais.  Partial  attempts  at  ex- 
planation are  not  wanting.  Pfiüger  suggested  that  the  animais 
might  be  thrown  at  the  moment  of  the  discharge  of  their  own 
nerves,  from  the  central  organ,  into  a state  of  depressed  excita- 
bility parallel  with  anelectrotonus,  and  thus  be  steeled  against  the 
shock.  But,  apart  from  other  reasons,  it  would  then  be  ditticult 
to  see  why  electrical  fishes  should  be  “ steeled  ” against  the  dis- 
charges  of  other  individuals,  as  also  against  artificial  electrical 
currents.  The  results  of  other  experiments  of  du  Bois-Peymond 
and  Boll,  in  proof  of  the  saine  idea,  hâve  been  equally  négative. 
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VI.  The  Supposed  “ Cureent  of  Eest  ” in  tue  Electrical 

Organ 

The  question  of  whether  the  electrical  organ  is  normally 
electromotive  cluring  rest,  or  iii  the  state  of  excitation  only, 
is  ohviously  of  great  significance  to  the  theory  of  its  mode 
of  action.  This  is  another  aspect  of  the  saine  problein  which 
— vvith  reference  to  muscle — formed  the  subject  of  the  long 
and  animated  controversy  between  du  Bois  - Key moud  and 
Hermann  {supra),  that  ended  finally  in  faveur  of  the  latter.  If, 
as  lias  been  determined,  certain  electrical  organs  are  to  be  re- 
garded  as  transformed  muscles,  adaptec!  to  a spécial  function,  it 
woulcl  seem  a priori  very  probable  that  the  discharge  of  the 
or^an  is  no  more  than  the  “ action  current  ” of  the  “ specialised 

O 

muscle,”  which  would  give  as  little  exteriial  reaction  in  the  resting 
State  as  a true  muscle.  As  a matter  of  fact,  ail  préviens  investi- 
o'ations  hâve  shown  the  “ rest  current  ” of  the  electrical  organ, 

O 

when  présent,  to  be  exceedingly  feeble.  Du  Bois-Eeymond  him- 
self  found  the  organ  of  Malapterurus  totally  inactive  cluring  rest 
(4  cl,  ii.  pp.  672,  718).  “ It  neither  exhibited  any  similarity 

with  the  muscle  current,  nor  dicl  it  work,  like  a battery,  in  the 
direction  of  a clischarge.”  Eckhardt  {le.)  gives  a precisely  similar 
reaction  for  the  organ  of  Torpédo,  in  which  Zantecleschi  and 
IMatteucci  had  observed  weak  constant  action  in  the  direction 
of  the  clischarge.  These  effects,  again,  were  comparatively 
weak  and  insignificant.  Eckhardt  found  ail  points  of  the  dorsal 
surface  permanently  positive  to  ail  points  of  the  ventral  surface, 
and  ail  points  nearer  the  brain  positive  in  the  former,  and 
négative  in  the  latter,  to  ail  more  distant  points.  Matteucci 
measured  frogs’  gastroenemii  against  a bit  of  organ  in  the 
multiplier  circuit,  proving  one  to  be  weaker,  two,  arrangée!  like  a 
pile,  stronger  than  the  organ.  He,  moreover,  obsei’ved  that  the 
permanent  P.D.  between  dorsal  and  ventral  surface  “ is  temporarily 
removed  after  each  discharge  provoked  in  the  préparation  by 
electrical  or  mechanical  stimulation  of  the  still  attachée!  nerve,” 
as  coulcl  be  demonstrated  at  a low  température  for  days  after- 
wards. 

G.  Sachs,  one  of  whose  chief  distinctions  it  was  (as  du  Bois- 
Beymoncl  said)  to  hâve  tested  the  reaction  of  the  resting  organ  in 
Gjpnnotus,  invariably  observed  on  leacling  olf  from  the  two  polar 
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surfaces — i.e.  the  cross-sections  at  the  heacl  and  tail  ends  of  tlie 
prisms — a current  in  the  direction  of  tlie  discharge  (du  Bois- 
lîeymond’s  “ organ  current  ”),  which,  however,  was  again  remark- 
able  for  its  low  E.M.F.  It  usually  corresponds  witli  that  of  a 
stronger  nerve,  or  weaker  muscle  (0’15— 0'03  Dan.)  applied  hy 
long  and  transverse  sections,  although  the  strips  were  about  4 cm. 
in  length  and  6—7  sq.  cm.  diameter.  Since  there  are  about  400 
chambers  in  4 cm.  of  organ,  the  organ  current  of  each  compartment 

can  only  bave  an  E.M.F.  of^^^^  ^ = 0~0000375-0'000075 

Dan.  There  is  also  a weak  current,  in  the  direction  of  the  dis- 
charge, between  two  points  of  the  natural  long  section  {i.e.  the 
natural,  latéral  boundary  of  the  organ).  Du  Bois-Eeymond,  after 
punching  out  the  electrical  lobe  in  Torjjedo,  either  led  off  from  the 
skin  of  the  dorsal  and  ventral  surfaces  of  the  vertically  dépendent 
fish,  or  with  scissors  and  scalpel  prepared  four-sided  prisms  of  the 
organ,  containing  a fair  number  of  columns,  and  bordered  by  a 
square  piece  of  skin  of  5—6  mm.  on  the  dorsal  and  ventral  surfaces. 
In  the  first  case  there  is  always  a ciirrent  in  the  direction  of  the 
discharge.  “ It  was  most  pronounced  when  the  highest  prisms 
were  at  the  médial  border  of  tlie  organ  between  the  leading-off 
parts,  and  became  weaker  in  proportion  as  the  parts  were  brought 
nearer  the  thinner,  latéral  edges  of  the  organ  ” (4  g).  In  the 
excised  pièces  there  was  also  a P.D.  in  the  saine  direction  on 
leading  off  from  two  points  of  the  latéral  surface  of  the  prism,  the 
magnitude  of  which  increased  with  the  distance  of  the  leading-oft' 
points.  The  deflections  were,  however,  very  small  in  the  one  case 
as  in  the  other  (between  3 and  2 3 degrees  of  the  scale)  ; the 
E.IM.F.  was  also  considerably  less  than  that  of  the  nerve  current 
in  fish  (0'005-0'013  Eaoult).  For  the  single  plates,  du  Bois- 
Eeymond  estimated  a medium  E.M.F.  of  0 ‘00001 17  Dan.,  i.e.  three 
times  smaller  than  that  determined  for  the  single  plates  of 
Gymnotus. 

Like  Eckhardt  (11),  Gotch  (13)  ascribes  no  great  importance 
to  tins  weak  electroniotive  action  during  “ rest,”  the  more  so 
since  lie  failed  to  discover  it  in  freshly-caught  and  perfectly 
uninjured  animais.  Upon  ten  fishes  he  obtained  on  leading  otî 
from  two  points  corresponding  with  the  centre  of  an  organ,  and 
lying  opposite  to  each  other  on  the  skin  of  back  and  belly,  very  weak 
and  fluctuating  elfects,  which  occurred  six  times  in  the  direction 
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of  tlie  dischai’ge,  four  times  in  the  reverse,  and  wliicli  in  liis 
estimation  are  due  solely  to  inequalities  of  the  skin. 

Little  as  the  possible,  and  even  probable,  interférence  of  skin 
currents — the  presence  of  wbich  was  demonstrated  by  du  Bois-Rey- 
moiid  in  Torpédo — can  be  denied,  it  niust,  on  the  otber  hand,  be 
admitted  that  regular  différences  of  potential  inight,  and  indeed  do, 
make  their  appearance  under  certain  conditions  (though  not  in  the 
true  physiological  State  of  rest  of  the  organ)  even  in  the  wholly  un- 
injured  animal.  Du  Bois-Reymond  ascribes  these  “ to  the  saine, 
though  far  less  active,  order  of  electromotive  force  as  that  which 
produces  a discharge  via  the  nerve,  or  with  direct  excitation.” 
Under  these  conditions  it  is  an  obvions  conjecture  that  the  “ organ 
current  ” may  be  “ an  after-effect  of  the  discharge,  which  passes 
into  it  imperceptibly.”  And  du  Bois-Reymond  elsewhere  remarks 
that  the  E.M.F.  of  the  organ  current  may  in  ail  probability  be 
regarded  as  “ the  remainder  of  the  discharge,”  while  “ the  fall 
which  always  characterises  it  represents  the  slow  progress  of  the 
far  quicker  but  still  not  quite  sudden  diminution  of  the  discharge.” 
Finally,  du  Bois-Reymond  explains  the  négative  experiments  of 
Gotch  on  the  organ  current  of  uninjured  and  resting  torpedoes  as 
signifying  that  the  animais  “ not  having  discharged  for  a long 
time,  showed  no  perceptible  after-effect  of  the  last  shock,  and  thus 
gave  no  organ  current.” 

By  this  it  is  easy  to  see  that  the  pre-existence  of  E.M.F.  in 
the  resting  State  of  the  organ  is  practically  contradicted,  and  the 
effects  can  be  altogether  explained  according  to  the  views  of  Gotch 
and  Eckhardt. 

Since  an  organ-preparation  cannot,  of  course,  be  made  without 
stiniulating  it,  it  is  natural  that  the  E.M.F.  of  such  a préparation 
should  sometimes  be  considérable.  A section  through  the  organ 
in  the  vicinity  of  the  électrodes  that  lead  off  from  back  and  belly 
may,  as  Gotch  stated,  couvert  a weak  and  previously  hetero- 
dromous  current  into  a somewhat  stronger  effect,  homodromous 
with  the  discharge.  “ Further  incisions,  that  bounded  the  part 
led  off,  so  that  it  only  remained  in  its  natural  connection 
on  the  médian  side,  increased  the  E.M.F.  in  the  same 
direction,  till  it  finally  arnounted  to  0'0015  Raoult.  If  by 
subséquent  transverse  sections  the  resultiug  wedge-shaped 
dise  of  organ  was  still  more  reduced,  until  by  sagittal  cuts 
it  becanie  a bundle  with  only  a few  prisms,  the  E.M.F.  of  the 
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organ  will  be  a little  increasecl  after  each  eut,  but  falls  deeply 
after  a few  niiuutes.”  Gotch  obtained  the  strongest  effect  on 
immersing  the  mixed  bundles  of  prisms  for  a short  time  in  bot 
water,  leading  ofî  two  minutes  later  from  ventral  and  dorsal 
surfaces.  The  E.M.F.  (in  the  direction  of  the  diseharge)  then 
rose  to  0'0226  or  even  0'0336  Eaoult,  but  fell  within  a quarter 
of  an  hour  to  its  normal  magnitude.  That  tins  was  not  a case  of 
hydrothermal  action  follows  from  the  fact  that  even  superficiel 
scalding  of  the  dorsal  and  ventral  halves  of  the  prisms  increased 
the  E.M.F.  in  the  direction  of  the  discharge. 

On  the  tail  of  the  ray,  Burdon-Sanderson  and  Gotch  (13  c) 
again  occasionally  determined  a “ current  of  rest  ” in  the  direction 
of  the  discharge,  on  leading  off  from  the  anterior  and  posterior 
ends.  In  organ-preparations  this  is  usually  much  more  developed, 
especially  after  the  momentary  action  of  high  températures 
(immersion  in  hot  water).  Every  naturel  or  artificiel  stimulation 
of  the  organ  causes  a more  or  less  pronounced  “ after-effect  ” in 
the  direction  of  the  discharge,  and  this  only  déclinés  gradually. 

After  these  experiments  there  can  be  no  doubt  that  we  are 
here  in  presence  of  a slowly-declining  excitation  of  the  prisms  of 
the  electrical  organ  (due  to  mechanical  or  thermal  stimulus),  in 
which  the  process  in  each  plate  may  be  compared  to  the  gradually 
disappearing  negativity  of  a strip  of  muscle  modified  by  veratria, 
and  excited  by  a brief  stimulus.  This  seems  to  Biedermann  an 
even  more  cogent  example  than  that  which  Gotch  selected,  of  the 
normal  démarcation  current  in  muscle,  although  both  phenoniena 
are  fundamentally  due  to  the  saine  cause,  the  prépondérance  of 
the  dissimilatory  process  over  simultaneous  assimilation.  As  the 
persistent  excitation  in  the  muscle  is  expressed  by  negativity  of 
the  affected  parts,  so  in  the  electrical  organ  it  is  expressed  by 
weak  electromotive  activity  in  the  saine  direction  as  that  of  the 
strong  electromotive  action  during  its  natiiral  function.  Du  Bois- 
Eeymond  calls  this  comparison  of  Gotch  a logical  error,  but  it 
would  not  be  difficult  to  invalidate  the  objections  adduced  against 
it.  In  the  présent  connection,  however,  this  is  iinnecessary,  since 
we  are  really  dealing  only  with  the  question  of  whether  iiiider 
the  above  conditions  any  permanent  excitation  of  the  electrical 
organ  in  the  direction  of  the  discharge  can  be  affirmed  or  not, 
and  du  Bois-Eeymond  liimself  admits  the  former.  For  how  other- 
wise  can  the  dictuni  be  interpreted  that  the  organ  current  is  only 
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“ au  after-efïect  of  the  discliarge  that  passes  into  it  imperceptibly,” 
and  that  it  is  due  to  the  same,  alheit  much  weaker  disposition  of 
electromotive  force,  as  that  which  provokes  discharge  via  the 
uerve  or  in  direct  excitation.  Then,  however,  as  was  pointed  ont 
hj  Hermann,  there  remains  no  more  tangible  difficulty  from  the 
standpoint  of  his  theory  (in  so  far  as  this  can  be  applied  to  the 
electrical  organ)  than  from  that  of  du  Bois-Eeymond’s  molecular 
hypothesis.  For  the  rest  it  appears  to  Biedermann  that  the  différ- 
ence insisted  on  by  du  Bois-Pieymond  between  his  own  and  Gotch’s 
view  of  the  organ  cnrrent  is  non-existent,  since  the  “ persistent 
excitation  ” can  only  be  interpreted  as  the  after-effect  of  a previous 
effective  stimulation. 

YII.  Secondary  Electromotive  Phenomena  in  Electrical 

Organs 

Du  Bois-Eeymond  lays  spécial  weight  upon  the  study  of  that 
group  of  electromotive  activities  which — as  they  appear  in  muscle 
and  nerve  from  the  after-effects  of  artificial  currents — were  first 
investigated  by  him.  While  their  great  significance  to  the  theory 
of  current-action  cannot  be  doubted  in  the  case  of  nerves  and 
muscles,  the  far  more  complicated  structure  of  the  electrical 
organs  renders  them  at  first  sight  less  appropriate  to  the  experi- 
mental détermination  of  further  conclusions,  if  we  are  to  assume, 
as  in  nerve  and  muscle,  that  every  after-effect  is  a phenomenon, 
partly  of  excitation  and  partly  of  physical  polarisation.  If  the 
current  passing  through  any  part  of  the  organ  has — as  we  can 
hardly  doubt — a polar  action,  and  this  in  each  individual  plate 
'per  se,  and  if  the  connective-tissue  walls  of  partition  are  the  seat 
of  true  (négative)  polarisation,  it  is  easy  to  see  that  the  prism- 
like  arrangement  of  these  éléments  within  any  given  area  may, 
and  indeed  must,  give  rise  to  complex  positive  and  négative 
effects  which  would  be  hard  to  unravel  in  any  single  case. 

Du  Bois-Reymond  thought  it  remarkable  tliat  the  electrical 
organ  (of  Mala'pterurus)  should  exliibit  “ positive  polarisation,” 
along  with  négative  after- currents  produced  by  true  internai 
polarisation  ; the  same  effect  was  subsequently  interpreted  in 
muscle  as  the  conséquence  of  (opening)  excitation.  A similar 
relation  with  the  physiological  process  of  excitation  was  naturally 
conjectured  to  exist  in  the  electrical  organ  also.  Before  entering 
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upoii  tliis  point  it  is  aclvisable  to  cite  the  essential  data  in  re 
polarisation  phenomena. 

Let  a still-living  piece  of  Malapterurus  organ,  which,  as  we 
hâve  seen,  is  usually  isoelectric,  he  laid  across  unpolarisable 
électrodes,  serviiig  simultaneously  to  lead  in  and  lead  off;  a 
spécial  contrivance  sends  in  a battery  current  of  definite  intensity 
and  duration,  and  immediately  after  (when  the  polarising  circuit 
is  opened)  closes  the  galvanometer  circuit,  as  has  already  been 
described  for  muscle.  The  organ-preparation  will  then,  as  a rule, 
hâve  become  temporarily  electromotive  (polarised),  and  this — at 
low  current-density — invariably  in  the  direction  of  a négative 
after -current  heterodroinous  to  the  exciting  current.  This 
négative  polarisation  occurs  in  Malapterurm  in  both  directions 
(homodromous  and  heterodromous  with  the  discharge)  in  equal 
strength,  and  grows  in  density  and  duration,  with  the  product,  to 
still  undetermined  proportions.  Positive  'polarisation  invariably 
occurs  first,  as  in  nerve  and  muscle,  at  high  densities  of  current, 
and  is  most  apparent  (du  Bois-Eeymond)  with  brief  currents,  its 
intensity  increasing  with  the  duration  of  the  exciting  current  less 
rapidly  than  that  of  négative  polarisation.  The  greater  intensity 
of  positive  polarisation  in  the  direction  of  the  discharge  (also 
observed  by  du  Bois-Eeymond)  is  very  striking.  “ The  current 
from  head  to  tail  exhibits  strong  positive  polarisation  under  the 
same  conditions  in  which  that  from  tail  to  head  gives  négative 
polarisation”  (4  d, -p.  206).  Obviously  wherever  there  is  simul- 
taneous  appearance  of  both  polarisations,  the  actual  after-current 
is  the  algebraic  sum  of  the  two  opposite  actions,  and  it  is  easy  to 
understand  that  there  might  also,  under  certain  conditions,  be 
diphasic  (first  négative,  then  positive)  deflections,  or  oscillations 
of  the  magnet. 

Sachs  made  analogous  observations  on  strips  of  G'ijmnotus 
organ,  with  the  inessential  différence  that  polaiisation  is,  in 
this  case,  invariably  négative  at  first,  while  du  Bois-Eeymond 
occasionally  obtained  pure  positive  effects  on  the  ^lalaptei  lu  us 
organ  under  certain  conditions,  which  niust,  ho^\e\el,  be  le- 
ferred  solely  to  the  lesser  density  of  the  currents  employed  by 
Sachs.  (Du  Bois-Eeymond  sent  current  from  20-30  Groves 
through  strips  of  Malapterurus  that  were  hardly  ^ sq.  cm.  in 
dianieter.) 

Du  Bois-Eeymond  subsequently  found  occasion  in  Berlin  to 
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carry  on  tlie  saine  experiments  on  Torpédo,  without  having  to 
stint  himself  in  inaterials  (4  g-i). 

In  order  to  understand  what  follows,  it  must  be  kept  in  mind 
tliat  cnrrent  in  the  direction  of  tlie  discliarge  is  terined  Itomo- 
drovious,  in  the  opposite  direction  lieterodromous  ; an  after-current 
opposed  to  the  polarising  cnrrent  is  relatively  négative,  its  contrary 
relatively  positive;  an  after-current  in  the  direction  of  the  discharge 
(homodronious)  is  ahsolutely  positive,  its  converse  dbsolutely  négative. 

Du  Bois-Reymond  employed  prismatic  pièces  of  organ,  the 
polarising  cnrrent  being  led  in  at  the  end-surfaces  covered  with 
skin,  while  a second  pair  of  unpolarisable  électrodes  led  off  the 
polarisation  current,  the  clay  tips  being  applied  to  the  préparation 
between  the  clay  shields  that  led  in  the  polarising  current. 
Here,  again,  under  certain  conditions,  i.e.  with  brief  closure  of 
stronger  currents,  there  may  be  g>ositive  polarisation,  otherwise  a 
diphasic  effect  is  seen — first  a négative,  then  a positive  variation. 
As  in  muscle,  the  positive  polarisation  is  more  dépendent  on  vitality, 
on  the  normal  physiological  state  of  the  préparation.  “ With  de- 
pressed  excitability  {Leistungsfdhigheit)  only  négative  polarisation 
at  last  survives,  but  it  is  a long  time  before  the  positive  effect 
dies  away  completely.  The  relation  between  polarisation  and 
direction  of  polarising  current  is  conspicuous.”  Sachs  found  in 
Gpmnotus  that  “ the  négative  polarisation  current  is  invariably  more 
marked  in  the  direction  of  the  discharge,”  and  du  Bois-Reymond 
also  determined  in  Torpédo  that  both  homodromous  (in  direction  of 
discharge)  and  heterodromous  currents,  after  longer  closure,  or  with 
less  excitable  préparations,  yield  (with  reference  to  direction  of 
polarising  current)  relatively  négative  polarisation,  but  that  this  is 
invariably  stronger  with  a homodromous  current.  The  apparent 
contradiction  between  this  discovery  and  the  original  observations 
of  du  Bois-Reymond,  according  to  which  négative  polarisation  in 
the  organ  of  Malapterurus  is  independent  of  direction  of  current, 
is  explained  by  the  fact  that  the  heterodromous  current  never 
produces  any  relatively  positive  polarisation  either  in  Malapterurus 
or  Torpédo.  Diphasic  polarisation — first  relatively  négative  and 
then  positive — appears  with  homodromous  currents  only.  If  it 
be  admitted  that  “ both  currents  yield  relatively  négative  polarisa- 
tion in  the  same  degree,  but  that  the  homodromous  current  is  very 
much  stronger  than  the  heterodromous,  or  alone  polarises  positively, 
so  that  heterodromous,  relatively  positive  polarisation  (when  pre- 
VÔL.  Il  2 g 
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sent)  is  invariably  masked  by  relatively  négative  polari.sation,” 
the  reaction  of  ail  tbree  electrical  fishes  will  be  fonnd  to  coïncide. 
The  angnientation  of  relatively  négative  polarisation,  as  observed 
by  Sachs  and  du  Bois-Eeymond  with  honiodromous  currents — 
as  also  in  du  Bois-Eeymond’s  observations  on  Gymnotus — are  thus 
intelligible,  since  the  resulting  polarisation  current  through  the 
galvanometer  niay  assume  different  values  at  different  stages  of 
any  experiment.  The  accompanying  curves  (Fig.  279)  will 
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elucidate  these  comjilicated  interférence  efîects  of  the  two  simul- 
taneous  directions  of  polarisation,  which  from  obvions  reasons 
cannot  be  separated  as  they  are  in  muscle  (du  Bois-Eeymond, 
4 g,  p.  36).  Fig.  279  (after  du  Bois-Eeymond)  gives  a summary 
of  the  i^rocess  in  a sériés  of  experiments,  the  two  currents  being 
sent  alternately  through  a strip  of  organ.  The  abscissæ  = time. 
The  ordinates  in  each  eut  (i.  ii.  iii.  iv.  corresponding  with  different 
stages  of  the  experiment)  express  the  moment  of  closure  of  the 
galvanometer  after  the  battery  circuit  bas  been  opened. 

Absolute  positive  polarisation  (in  direction  of  discharge,  i.c. 
from  ventral  to  dorsal  surface)  is  drawn  above,  absolute  nega- 


XI 


ELECTRICAL  EISHES 


451 


tiv6  bclow,  tli6  cibscissci.  AVitli  boniodroiiious  cuireiits  (iippBr 
sériés,  with  asceiicling  arrow)  tbe  course  of  tbe  cuive  above  tlie 
abscissa  is  absolutely  and  relatively  positive  ; below,  it  is  absolutely 
and  relatively  négative.  With  heterodromous  currents  (lower 
sériés  and  descending  arrow)  tbe  upper  portion  of  tbe  curve  is 
absolutely  positive  (relatively  négative),  tbe  lower  portion  absolutely 
négative  (relatively  positive).  The  resulting  polarisation  cuiient 
through  tbe  galvanometer  is  in  each  eut  represented  by  tbe 
sbaded  surfaces  whicb  comprise  tbe  curves  resulting  from  algebraic 
summation  of  tbe  two  polarisations  with  tbe  axis  of  tbe  co- 
ordinates.  It  is  obvions  that  tbe  relatively  négative  polarisation 
is  equal  in  botb  currents,  wbile  tbe  relatively  positive  polarisation, 
on  tbe  other  band,  is  widely  different  (and  with  beterodioinous 
currents  may  fail  altogether).  Consequently  tbe  absolute  posi- 
tive polarisation  (wbich  with  heterodromous  currents  is  also 
relatively  négative)  is  unequal  in  fresh,  excitable  préparations 
(i.)  at  tbe  beginning  of  tbe  experiment  in  tbe  two  cases.  At  a 
subséquent  stage  tins  ratio  of  magnitude  may  be  reversed  (ii.)  ; 
tbe  resulting  homodromous  polarisation  finally  becomes  absolutely 
(and  relatively)  négative,  but  is  always  smaller  than  tbe  relatively 
négative  heterodromous  polarisation  (iii.)  ; until  finally  there  is 
equal,  relatively  négative  polarisation  with  botb  directions  of 
current  (iv.).  Sachs  also  saw  stage  iii.  and  du  Bois-Eeymond  iv. 
on  Malapterurus. 

The  results  of  tbese  experiments,  as  well  as  of  those  subse- 
quently  undertaken  by  Gotch  {le.),  may  be  summarised  by  saying 
tbat  constant  currents,  of  wbatever  strength  and  direction,  if  led 
for  a considérable  time  through  an  organ-preparation,  invariably 
yield  relatively  négative  after-currents  wbich  are  mucb  stronger 
with  a homodromous  than  with  a heterodromous  direction  of 
tbe  polarising  current.  Stronger  homodromous  currents,  be- 
ginning at  a certain  limen  and  lasting  only  a short  time,  yield 
strong,  absolutely  and  relatively  positive  after-currents,  that  sink 
very  gradually  (du  Bois-Eeymond’s  positive  internai  polarisation). 
Heterodromous  currents  of  equal  strength  and  duration  generally 
yield  weaker  after-currents,  relatively  négative,  absolutely  positive 
(du  Bois-Eeymond’s  internai  polarisation). 

As  tbe  strength  of  tbe  relatively  négative  after-currents 
(négative  polarisation),  wbich  must  be  partly  caused  by  pliysical 
internai  polarisation,  dépends  in  first  degree  upon  tbe  duration 
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of  closure  of  tlie  current,  we  shoiüd  aiiticipate  that  induced 
currents  (which  are  of  such  brief  diiratioii)  woiüd  be  peculiarly 
appropriate  to  the  production  (with  homodromous  stimulation)  of 
a positive  after-effect  in  the  same  direction. 

The  part  played  by  duration  of  closure  witli  the  constant 
currents  also,  is  shown  by  the  following  table  frorn  Gotch  : — 

Instantaneous  closure  (7  Groves)  homodromous  ; galvanometer  deflection 
+ 50  (homodromous). 

1 second  closure  (7  Groves)  homodromous  ; galvanometer  deflection 

— 52  (heterodromous). 

Instantaneous  closure  (7  Groves)  homodromous  ; galvanometer  deflection 
+ 30  (homodromous). 

1 second  closure  (7  Groves)  homodromous  ; galvanometer  deflection 

- 40  (heterodromous). 

By  ineans  of  a contrivance  to  be  described  below,  Gotch  sent 
a break  induction-shock,  fîrst  in  one  and  then  in  the  other  direc- 
tion, through  an  organ- préparation,  in  a galvanometer  circuit 
which  also  included  the  secondary  coil  and  a résistance  of  10,000 
ohms.  On  opening  the  primary  circuit,  the  full  after-current  in 
the  préparation  due  to  the  induced  curi’ent  went  through  the 
galvanometer.  With  a strip  of  organ  1 6 mm.  long,  7 mm.  broad, 
and  2 mm.  in  diameter,  the  deflection  (with  tliree  Groves  in 
primary  circuit  and  5 cm.  distance  of  coil)  = 

Break  shock — heterodromous— 150  (homodromous) 

„ homodromous  650  „ 

„ heterodromous  180  „ 

„ homodromous  780  „ 

The  excitation  effect  of  the  homodromous  current  is  thus 
much  stronger  than  that  in  the  heterodromous  direction.  Yet, 
as  Gotch  pointed  ont,  this  is  not  invariably  the  case.  At  times 
no  différence  can  be  detected  in  the  (exciting)  action  of  the  two 
currents,  or  the  heterodromous  current  may  even  be  stronger  than 
the  homodromous.  Gotch  is  inclined  to  bring  this  into  relation 
with  the  facts  observed  by  Eckhardt,  to  the  effect  that  descending 
induction-currents  via  the  nerve  excite  more  strongly,  since  the 
homodromous  current  passes  through  the  majority  of  the  tiner 
branches  of  the  nerve  in  a descending  direction.  The  exceptions 
are  no  doubt  due  to  the  fact  that  the  larger  nerve-trunks  some- 
times  lie  in  the  organ-preparation,  so  that  they  are  ti'aversed  by 
descending  lieterodromous  currents,  and  produce  an  effective 
excitation. 
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The  galvanic  efîects  of  the  homodromous  curreiit  usually 
increase  with  the  strength  of  the  exciting  current,  and  it  can  be 
demonstrated  inany  hours  after  the  préparation  lias  been  excised, 
althongh  it  disappears  completely  after  scalding.  Here,  as  in 
indirect  excitation,  there  is  a very  slow  décliné  of  electroinotive 
etfect,  lasting  for  several  minutes,  its  development  and  time- 
distribution  corresponding  throughout  with  the  discharges  induced 
by  indirect  excitation. 

An  important  fact,  as  observed  by  Gotch,  is  that  partial 
longitudinal  passage  of  current  in  an  organ-preparation  discharges 
an  excitation  effect  (after  - current)  within  the  part  that  is 
traversed  only,  and  not  beyond  the  pôles.  It  follows  that  ex- 
citation in  the  longitudinal  directio7i  of  the  g)risms  is  not  transmitted 
froin  ooie  plate  to  the  next.  Each  plate  appears  to  be  physiologi- 
cally  insulated  froni  ail  the  rest,  and  total  discharge  of  a whole 
prism  can  only  occur  either  when  ail  the  nerves  which  supply 
them  are  excited,  or  when  an  electrical  current  traverses  ail  the 
compartments  in  sériés. 

As  regards  the  interprétation  of  the  absolute,  and  relatively, 
positive  after-effect  from  homodromous  exciting  currents,  du 
Bois-Eeymond  reminds  us  of  two  possibilities  : 

(i.)  Like  the  current  of  rest  in  the  organ,  it  may  be  viewed 
as  the  after-effect  of  a discharge  caused  by  electrical  excitation. 

(ii.)  It  may  be  interpreted  on  the  molecular  theory  “ as  the 
conséquence  of  a prismatic  arrangement  of  the  electromotive 
molécules  in  direct  conséquence  of  the  homodromous  current.” 

In  référencé  to  the  last  view,  it  may  be  stated  that  du  Bois- 
Eeymond,  in  order  to  explain  the  discharge  from  the  plates,  i.e. 
the  electromotive  action  of  each  single  plate  of  the  organ, 
assumed  its  construction  from  dipolar  molécules,  similar  to  that 
said  to  underlie  tlie  electrical  manifestations  of  nerve  and  muscle. 
In  the  resting  State  the  molécules  turn  their  pôles  either 
towards  ail  possible,  or  in  two  opposite  directions,  so  that  the 
elfect  disappears  externally.  In  discharging,  on  the  contrary, 
they  “ collectively  turn  their  positive  pôles  towards  the  surface 
of  the  organ,  whence  proceeds  the  positive  current.”  Du  Bois- 
Eeymond  pictures  the  molécules  as  “ a free  crowd  revolviug  round 
their  centre  of  gravity,  in  the  direction  of  the  axis,  by  a Chemical 
force  conq^arable  to  sonie  extent  with  the  respiration  of  the 
organ.”  “ Several  molécules  may  lie  behind  one  another  in  the 
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cross-section  of  the  plate,  so  that  the  organs  thus  form  prisms 
with  a much  larger  number  of  constituents  than  follows  froni  the, 
number  of  the  plates.” 

If  in  the  clischarge  of  the  organ  we  assume  a sudclen  transi- 
tion of  the  clipolar  molécules  from  the  “ peripolar  ” to  the 
“ pile-like  ” arrangement,  the  process  that  takes  place  obviously 
coincides  with  that  whieh  du  Bois-Eeymond  postulated  in  order 
to  explain  the  (galvanic)  electrotonus  of  medullated  nerve. 

But  if  the  molecular  hypothesis  lias  already  been  proved 
inadéquate  for  nerve  and  muscle  (to  say  nothing  of  gland- 
currents  and  plant-currents),  save  on  the  boldest  hypothèses  to 
account  for  the  phenomena,  we  hâve  the  more  reasoii  to  reject 
it  for  the  electrical  organs,  since  ail  known  reactions  of  these 
structures  can  be  explained  from  the  “Alteration  Theory” 
without  difbculty,  starting  only  from  the  fun  dam  entai  notion 
that  Chemical  différences  are  initiated  in  each  plate  in  conséquence 
of  excitation  from  the  nerve,  which  produces  a P.D.  between  the 
interfaces  in  the  given  direction. 

Hence  we  must  fall  back  upon  the  view,  supported  as 
du  Bois-Eeymond  himself  admits  (4  p.  46)  by  the  strongest 
reasons,  that  the  dbsohitely  and  relatively  positive  polarisoMon  of  the 
electrical  organ  hy  the  homodromous  current  is  nothing  more  than 
the  after-effect  of  the  discharge  produced  hy  the  latter. 

It  therefore  becomes  very  difïicult  oiot  to  regard  the  homo- 
dromous positive  after-current  as  the  remainder  of  a previous 
excitation,  even  from  the  standpoint  of  the  moleeular  hypothesis. 
Since  this  explains  the  discharge  “ from  a pile-like  arrangement 
of  the  electromotive  molécules,”  it  is  necessary  to  ask  (as  du  Bois- 
Eeymond  himself  pointed  ont)  “ in  what  particulars  this  arrange- 
ment and  that  produced  directly  by  the  homodromous  current 
differ  ? why  the  latter  does  not  always  complété  itself  in  a 
discharge  ? ” Du  Bois-Eeymond  imagines  that  “ there  may  be 
two  States  which,  although  both  associated  with  a pile-like  arrange- 
ment of  the  molécules,  and  identical  in  their  external  aetion,  are 
yet  distinct  within  the  electrical  plate  ” (since  one  corresponds  with 
diseharge,  the  other  with  absolute  positive,  homodromous  polar- 
isation). Yet  this  seems  to  présent  far  more  difficulties  than 
the  conception  that, — just  as  there  are  at  the  seat  of  direct 
excitation,  at  the  close  of  a muscle-twitch,  prolonged  galvanic 
alterations  (negativity),  recognisable  as  the  after-effect,  or  more 
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propeiiy  continuation,  of  the  excitation — so  in  the  electrical 
organ  also  the  true  discharge  (shock)  may  pass  off  in  a homo- 
dromons  cnrrent. 

We  may  admit,  with  du  Bois-Eeymond,  that  “ every  absolute 
positive  effect  is  not  a discharge,”  just  as  every  excitation  of  the 
muscle,  even  if  demonstrable  on  the  galvanometer,  does  not 
produce  a visible  contraction  (twitch)  ; in  the  fresher  préparations 
du  Bois-Eeymond  often  observed  a very  pronounced  effect,  which 
drove  the  scale  ont  of  the  field  of  vision,  and  in  which  we  must 
undoubtedly  admit  the  after-effect  of  a discharge,  if  not  the  last 
phase  of  it.  “This  phenomenon,”  he  continues,  “is,  however, 
quite  distinct  from  ordinary  absolute  positive  polarisation 
(obtained  after  frequent  répétition  of  the  experiment  on  the 
same  préparation  under  identical  circumstances),  since  it  exhibits 
no  duration  proportional  with  the  original  intensity.  Yet  this 
is  just  as  little  the  case  in  the  mechanical  and  galvanic  consé- 
quences of  excitation  of  the  muscle. 

If  the  absolute  positive  (homodromous)  after-current  in  these 
experiments  is  to  be  viewed  as  the  after-effect  of  exciting  the 
organ-preparation  by  the  homodromous  current,  we  may  expect  it 
to  be  very  marked  after  brief  tétanisation  with  alternating  curients. 
In  order  to  avoid  the  disturbances  caused  by  the  inequality  of 
time-distribution  in  the  make  and  break  shocks  of  the  ordinary 
sliding  coil,  du  Bois-Eeymond  used  a Sexton’s  machine,  which  pro- 
duces sériés  of  quite  congruent  alternating  currents.  The  results 
were  uniform  ; no  matter  how  the  ends  of  the  rotating  coils 
were  connected  up  with  the  dorsal  and  ventral  surfaces  of  the 
préparation  {Torjpedo'),  or  what  was  the  duration  of  the  tetanus, 
there  was  always  an  absolute  positive  after-current,  “ in  fresh 
préparations  of  such  magnitude  that  the  scale  disappeared  from 
the  field,  the  effect  becoming  gradually  weaker.” 

The  striking  différence  in  the  relative  strength  of  homo- 
dromous and  heterodromous  exciting  currents  in  the  electrical 
organ,  seems  to  dépend  intimately  upon  positive  homodromous 
polarisation,  as  du  Bois-Eeymond  observed  in  bis  earliest  polar- 
isation experiments  on  the  Mala'pterurus  organ.  “ The  descend- 
ing  homodromous  current  in  Mala'pterurus  was  always  stronger 
in  fresh  strips  than  with  the  ascending  (heterodromous)  direction, 
in  the  ratio  of  100:112,  116,  even  125.  In  boiled  and  in 
moribund  strips  the  différence  vanished.”  The  same  fact  was 


456 


ELECTRO-PHYSIOLOGY 


CHAP. 


even  more  apparent  later  on  in  préparations  of  Torpédo,  in  which 
the  homodromous  current  (of  30  Groves)  was  more  than  double 
as  strong  as  the  heterodromous.  A similar  effect  was  seen  still 
more  plainly  on  stimulating  with  induced  currents,  when  the  de- 
pendence  of  the  seeming  irreciprocity  of  conduction  upon  current 
density  in  the  electrical  organ  was  apparent.  Du  Bois- 
Eeymond  “sent  opening  shocks  from  the  sliding  inductorium 
(the  primary  coil  being  filled  with  rods),  from  surface  to 
surface  of  the  skin  in  a préparation  of  Torpédo,  which  rested 
between  the  clay  shields  of  the  leading-in  vessels.  - The  galvano- 
meter  was  included  in  the  same  circuit.”  Each  shock  sent  in  by 
opening  the  mercury  key  traversed  the  préparation  alternately 
in  the  homodromous  and  heterodromous  directions.  In  the 
following  table  EA  stands  for  distance  of  coil,  the  figures 
correspond  with  the  deflections,  reduced  from  5000  turns  at 
2 0 mm.  distance  from  the  galvanometer  mirror  : — 

RA=  0 -|501  >1^215  ^501  n1^215  ^453  >|^215  ^477  n|^191 

RA  = 10  cm.  4"  25  4^  28  27  4^  28  27  ^27 

RA  = 15  cm. 

RA=  0 4^453  -4227 

Above  a certain  limit  of  current  density  the  homodromous  (4^) 
current  is  thus  much  stronger  than  the  heterodromous  (n^). 

It  should  not  be  unnoticed  that,  as  bas  been  said,  “ positive 
polarisation  ” exhibits  the  same  dependence  upon  the  density  of 
the  polarising  (homodromous)  current.  Since  it  further  shows 
augmentation  in  proportion  with  the  length  of  prismatic  tract 
between  the  leading-off  clay  points,  and  therewith  the  number 
of  polarised  plates,  the  différence  in  intensity  between  homo- 
dromous and  heterodromous  current  is  the  more  distinct  accord- 
ing  as  the  distance  between  the  leading-in  électrodes  on  the 
latéral  surface  of  the  organ-preparation  is  greater,  so  that  we 
may  say  that  the  apparent  irreciprocity  of  conduction  grows,  like 
positive  polarisation,  with  the  length  of  the  prismatic  tract 
traversed.  In  this  respect  also  it  has  been  proved  that  the 
ascendency  of  the  homodromous  current  is  much  more  pro- 
nounced  with  induction  shocks,  or  brief  constant  currents, 
than  with  longer  closures.  Both  manifestations  are  further 
associated  with  vitality,  and  do  not  appear  with  sodden  or 
spontaneously  defunct  préparations,  or  with  transverse  passage 
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of  current.  This  notwithstanding,  du  Bois-Eeymond  refers  the 
différence  of  current-intensity  in  the  homodromous  and  hetero- 
droinous  directions,  not  to  inec[uality  of  E.M.F.  in  either  case, 
since  the  relative  and  absolute  positive  after-current  follows  on 
the  homodromous  polarising  current, — but  to  a real  irreciprocity, 
i.c.  to  unequal  résistance  in  the  two  directions,  the  organ  con- 
ducting  better  in  the  direction  ol  the  discharge  than  in  the  other. 
It  is  évident  that  such  a mode  of  conduction,  “ which  is  thus 
far  without  any  counterpart,”  can  hardly  be  accepted  without 
stringent  justification.  When  ail  attempts  at  deciding  the  point 
showed  only  that,  “ contrary  to  ail  appearance,  it  is  not  necessary 
to  invoke  irreciprocal  résistance  to  explain  the  facts,  du  Bois- 
Keymond  finally  believed  that  he  had  found  such  justification  in 
his  déterminations  of  the  résistance  to  conductivity  in  the  elec- 
trical  organ  (^Torpédo).  He  compared  the  résistance  in  prisms 
of  the  electrical  organ  of  uniform  length  and  diameter,  of 
frog's  muscle  (parallel  with  the  fibres),  and  of  sait  solution  (sea 
water).  With  this  object  the  different  bodies  were  enclosed  in 
glass  tubes  of  uniform  dimensions,  and  traversed  longitudinally 
by  current.  The  résistance  of  the  circuit,  which  included  a 
galvanometer  as  well  as  the  tubes,  was  measured  by  the 
reciprocal  magnitude  of  the  galvanometer  deflections,  as  caused 
by  the  opening  current  of  a sliding  inductorium.  He  found  that 
an  organ  - préparation  drawn  through  the  glass  tube  was  a far 
worse  conductor,  even  with  homodromous  passage  of  current  in 
the  long  directions  of  the  prisms,  than  frog’s  muscle  parallel 
with  the  fibres,  or  sait  water,  under  the  same  conditions. 

Du  Bois-Reymond  thence  concluded  that  if  the  ascendency 
of  homodromous  currents  depended  upon  positive  polarisation 
— i.e.  an  additional  E.M.F.,  amounting  even  to  40  Groves — the 
organ -préparation  would,  in  comparison  with  muscle,  or  with 
physiological  sait  solution,  conduct  better,  and  its  résistance  would 
therefore  “ seem  to  be  enormously  increased,”  when  it  loses 
positive  polarisability,  along  with  its  vital  properties.  Neither  con- 
secpience,  however,  occurs  in  du  Bois-Reymond’s  experiments,  but 
rather  the  contrary.  Without  referring  to  this  fact,  which  it  is 
hard  to  judge  without  personal  investigation,  Gotch,  with  whom 
Schônlein  is  now  in  full  agreement,  endeavoured  by  direct  experi- 
ment  to  disprove  the  theory  of  irreciprocal  conduction.  He  em- 
ployed  apparatus  modelled  on  the  “ spring  myograph,”  in  which  the 
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slîooting  trigger  successively  opens  three  contacts.  The  first  of 
these  (Fig.  280,  S^)  opens  the  circuit  of  the  primary  coil  of  a 
slicling  apparatus,  the  second,  abolishes  the  shunt  to  the  galvano- 
nieter,which  can  only  then  be  affected  by  the  current  froni  the  organ- 
preparation;  and,  finally,the  third,  18^, opens  the  galvanonieter  circnit 
again,  so  that  the  effect  in  the  galvanonieter  can  only  last  for  the 
interval  between  the  opening  of  and  that  of  S^.  This  interval,  in 
Gotch’s  first  experiments,  was  0'02  sec.  If  >8.,  is  shifted  close  to  Si, 
so  that  the  shunt  to  the  galvanonieter  is  opened  almost  siniul- 
taneously  with  the  inducing  circuit,  the  former  will  exhibit  the 


< «gc 
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saine  intensity  with  botli  honiodromous  and  heterodronious  direc- 
tion. This  resuit  can  obviously  be  referred  only  to  the  fact  that 
the  galvanonieter  circuit  was  closed  in  Gotch’s  experiments  for  a 
very  short  tinie  after  the  moment  of  stimulation,  while  in  du 
Bois-Eeymond’s  niethod,  not  inerely  the  exciting  current,  but  also 
the  whole  after-current  of  the  préparation,  passes  through  the 
galvanonieter.  In  the  first  case,  therefore,  the  honiodromous 
after-current  (positive  polarisation,  in  du  Bois-Eeymond’s  sense) 
can  add  nothing  to  the  honiodromous  induction -shock  wliich 
produces  it,  since,  according  to  Gotch,  it  is  not  developed  for 
0'05  sec. 

Gotch  subsequently  extended  lus  operations  (Le.),  niaking  the 
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interval  between  closnre  of  galvanometer  circuit  and  moment  of 
stimulation  still  finer,  by  means  of  tbe  saine  apparatns.  He 
found,  in  accordance  with  bis  préviens  observations,  that  when 
tbe  closiii'e  of  tbe  galvanometer  was  sbortened  so  mucb  tbat 
tbe  induction -current  alone  could  affect  tbe  galvanometer 
= 0"  — 0’0025'^)  tbere  was  no  différence  in  tbe  deflec- 
tions  prodneed  by  tbe  bonio-  and  beterodromous  curients , at  tbe 
next  moment  tbe  electromotive  action  of  tbe  organ-pieparation 
discbar2,'ed  by  tbe  sbock  makes  its  appearance 
0'0025"  — 0‘005'0  as  tbe  bomodromous  after  - current,  and 
increases  rapidly  witb  furtber  augmentation  of  closure.  Tbe 
apparent  irreciprocal  conduction  tbus  arises  only  wben  tbe  action 
upon  tbe  galvanometer  of  tbe  exciting  induction-sbock  is  com- 
bined  with  tbat  discharged  from  tbe  organ-preparation  (du  Bois- 
Reymond’s  positive  polarisation). 

In  furtber  confirmation  of  this  view  we  bave  tbe  results  of 
experinients  on  the  influence  of  varying  température  upon  tlie  con- 
séquences of  direct  excitation  of  organ-preparations.  Gotcb  was  able 
to  show  easily,  by  means  of  bis  spring  rheotome,  that  the  intensity, 
and  more  particularly  the  time- distribution  of  the  excitation 
effects,  on  applying  single  hoino-  and  beterodromous  induction- 
currents,  are  essentially  influencée!  by  température,  and  tbat  in 
the  direction  we  sbould  a priori  expect  in  the  matter  of  dis- 
charging  an  excitation.  As  appears  from  comparison  with  the 
curves  in  lig.  281,  which  give  a graphie  représentation  of  the 
experimental  results  (the  ordinates  corresponding  with  the  gal- 
vanometer deflections,  the  abscissæ  witb  the  interval  after  tbe 
moment  of  excitation,  at  o),  the  intrinsically  less  important 
effects  of  excitation  in  the  cooled  préparation  are  considerably 
retarded,  and  only  become  appréciable  on  tbe  galvanometer  long 
after  the  induction-current  bas  been  made,  so  that  tbere  is  a 
long  “ latent  period  ” during  which  the  closure  of  the  galvano- 
meter circuit  bas  no  effect.  It  must  tbus  be  relatively  easy  to 
separate  the  effect  of  tbe  induction-current  upon  the  galvano- 
meter from  that  of  tbe  excitation  (siipposed  positive  polarisation), 
and  hence  to  détermine  whetber  irreciprocity  of  conduction 
really  exists  or  no.  Gotcb  succeeded  in  denionstrating  that 
apparent  irreciprocity  does  appear  at  higber  température  (22  G.) 
with  the  same  closure  of  the  galvanometer,  while  tbe  saine  pré- 
paration cooled,  under  otberwise  uniform  conditions,  conducts 


15°  C. 


.3°  C. 


l' Mi.  281.  Grapliic  représentation  of  tlie  distribution  of  tlie  discliarge  in  direct  excitation  of  an  organ-preparation  (Tût 
luimodromous  (+)  and  heterodroinous  (-)  induction-sliocks  at  15°  and  3°  C.  The  shaded  part  of  the  curves,( 
witli  tliu  exciting  induction-cnrrents.  (Gotcli.) 
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the  iiiduction-curreiit  equally  well  in  botli  directions,  as  appears 
from  the  following  table  : — 


Duration  of  Closure. 

Température. 

Direction  of  Current. 

S-i-S-i 

0"-0-00û" 

0"-0-01" 

22°  C. 

/ Homodromous 
\ Heterodromous 

+ 338 
-290 

+ 475 
- 12 

8°  C. 

r Homodromous 
\ Heterodromous 

+ 270 
-270 

+ 380 
-174 

There  is  as  little  reason  for  assuming  in-eciprocal  conduction 
in  the  less  differentiated  electrical  organ  of  Baja.  With  direct 
excitation  of  an  excised  strip  of  organ,  by  single  induction-shocks, 
there  will  be  a single  discharge  after  an  interval  of  about 
0-005  sec.,  the  direction  of  the  exciting  current  being  quite 
immaterial.  It  is  only  when  the  closure  of  the  galvanometer 
circuit  occurs  at  a tinie  when  the  discharge  of  the  organ  lias 
already  taken  place  that  the  apparent  irreciprocity  is  again 
visible  in  conséquence  of  the  algebraic  sumniation  between  the 
discharge  and  the  exciting  current.  When  the  direction  of  the 
induction-current  coincides  with  that  of  the  discharge,  the  deflec- 
tion  increases  with  the  duration  of  closure,  while  in  other  cases 
it  déclinés,  and  is  eventually  reversed  (Gotch,  1 3 c).  ïhis  is  not 
the  place  to  enter  more  in  detail  into  du  Bois-Eeymond’s  treat- 
ment  of  the  teleological  significance  of  “ irreciprocal  conduc- 
tion ” of  the  electrical  organ. 

VIII.  Theory  of  Discharge  from  Electrical  Fishes 

Without  entering  further  into  the  older  and  in  part  very 
naïve  views  that  were  brietiy  alluded  to  at  the  beginning  of  this 
chapter,  and  which  do  not  at  the  présent  level  of  knowledge  call 
for  serions  discussion,  we  will  only  consider  certain  newer  théories, 
in  re  the  discharge  of  electrical  fishes,  which  hâve  indeed  been 
contradicted,  but  which  still  daim  our  interest,  because  they 
show  how  the  théories  predominating  in  nerve-  and  muscle- 
physiology  were  adapted  to  the  electrical  organ  also. 
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In  1873  Boll  discussed  the  possibility  of  “ explaining  the 
discharge  of  the  electrical  orgaii  solely  by  the  négative  variation 
of  the  nerve  current,  concomitant  with  innervation.  In  this 
arrangement  the  dorsal  surface  of  the  electrical  plate  (of  Torpédo) 
would  at  the  moment  of  innervation  become  positive,  the  ventral 
surface  négative,  as  actually  occurs.”  The  free  ending  of  the 
nerve-fibres  within  the  plates  suggests  the  question,  “ What,  under 
these  conditions,  must  finally  become  of  the  négative  variation  of 
the  nerve  current,  since  it  accompanies  the  excitatory  process 
within  the  nerve-fibre  in  every  case  to  the  extreme  periphery  : 
and  whether  the  more  than  million-fold  multiplication  of  this 
variation  of  the  current  as  engendered  in  the  electrical  plates  of 
Torpédo  (not  Malapterurus)  by  the  anatomical  relations  of  the 
nervous  ramification  may  not  be  a sufficient  explanation  of  the 
discharge  of  the  Torpédo  î ” 

But,  as  du  Bois-Eeymond  pointed  ont  (4  e,  p.  276),  this 
hypothesis  in  the  first  place  predicates  the  existence  of  a current 
of  rest,  caused  by  the  “ uatural  ” cross-sections  (acting  like  arti- 
ficial  sections)  of  the  nerves  in  the  plates,  and  accordingly  hetero- 
dromous  to  that  of  the  discharge.  Instead  of  this  permanent 
current — which  mnst  correspond  in  E.M.F,  with  the  discharge  if 
the  nerve  current  is  to  disappear  in  the  négative  variation — 
there  is  only  an  inessential  P.D.  during  rest,  and  the  resultmg 
“ organ  current  ” is  always  homodronious  with  the  discharge,  as 
the  after-efîect  of  which  we  hâve  learned  to  characterise  it.  Du 
Bois-Eeymond  declared  it  to  be  “ no  bad  hypothesis  ” which,  in 
order  to  explain  this,  assumes  “ the  cross-section  of  the  nerve  to 
be  covered  over  by  a parelectronomic  layer,  the  electromotive 
activity  of  which  does  not  rnerely  neutralise  that  of  the  former, 
but  even  to  some  extent  outweighs  it,  and  which  has  no  part  iii 
the  négative  variation.  At  the  moment  of  the  discharge,  the 
E.M.F.  of  the  nerve  current  disappears  in  the  négative  variation, 
and  the  discharge  is  brouglit  about  through  the  release  of  E.M.F. 
in  the  parelectronomic  layer.” 

In  the  meantime,  however,  such  an  assumption  became 
illegitimate,  even  from  the  standpoint  of  the  molecular  theory, 
owing  to  the  indubitably  powerful  E.M.F.  of  the  Torpédo  dis- 
charge,— apart  from  the  fact  that  Boll’s  hypothesis  does  not  apply 
to  Malapterurus.  As  we  are  about  to  sliow,  there  are  even  in 
Torpeilo,  not  to  mention  the  other  more  powerful  electrical 
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fislies,  considérable  magnitudes  of  E.M.F.  wliicli,  as  du  Bois- 
lîeyniond  himself  pointed  out,  cannot  be  explained  on  Boll’s 
hypotliesis,  owing  to  the  very  inarked  short-circuiting  that  exists 
under  ail  cireumstances  between  tbe  individual  nerve-endings. 
In  Malaiitcrurus,  bowever,  wliere  onc  axis-cylinder  is  alone 
correlated  with  each  plate,  each  axis-cylinder  would,  as  du  Bois- 
Eeymond  remarks,  under  even  the  most  favourable  conditions 
(such  as  “ that  the  point  of  junction  should  contain  a cross-section 
of  the  nerve  with  the  parelectronornic  layer,  and  that,  as  appears 
hardly  possible,  tliis  cross-section  should  be  a superficial  element 
at  right  angles  to  the  direction  of  activity  in  the  organ),  be 
embedded  separately  in  the  mass  of  the  plates,  whereby  such  a 
diminution  of  its  external  action  would  resuit,  that  there  could 
no  longer  be  any  question  of  explaining  the  discharge  of  Malaptc- 
rurus  by  the  variation  of  the  electrical  nerve-endings.  Du 
Bois-Beymond  further  points  out  that  on  Boll’s  theory  the 
existence  of  the  electrical  plates  (often  of  such  a complex  structure) 
would  hâve  no  significanee  in  the  electrical  organ,  and  would  be 
inexplicable. 

As  we  hâve  said,  it  was  du  Bois-Pteymond  who  first,  in  1843, 
expressed  his  conviction  that  it  was  the  latter  (the  so-called 
“ gelatinous  dises  ”)  which  “ at  the  moment  of  discharge  become 
electromotive  in  a given  direction,  under  the  influence  of  a nervous 
agency  stimulated  by  whatever  means,”  and  which  multiply 
their  action  after  the  manner  of  the  voltaic  pile.  It  would  thus 
not  be  the  négative  variation  of  the  nerve  current  that  pro- 
duced  the  discharge,  but  a process  in  the  electrieal  plates  trans- 
formed  frorn  muscles,  comparable  with  the  négative  variation  of  the 
muscle  current,  as  set  forth  from  the  standpoint  of  the  pre-existenee 
theory.  Du  Bois-Pteymond  {supra)  would  accordingly  represent 
each  plate  as  containing  countless  dipolar  electromotive  molé- 
cules, “ able  during  rest  to  turn  their  pôles  either  in  ail  possible 
or  in  two  opposite  directions,  so  that  the  external  action 
neutralises  itself,  while  during  discharge  the  pôles  are  turned 
rapidly  and  collectively  toward  the  surface  of  the  organ,  whence 
proceeds  the  positive  current.”  Du  Bois-Eeymond  reckons  as 
one  of  the  main  supports  of  this  theory  the  dictum  derived  from 
Delle  Chiaje’s  and  Babuchin’s  doctrine  of  the  preformation  of  the 
electrical  éléments,  that  the  E.M.F.  of  the  ciischarge  nmst  incrcasc 
proportionately  with  the  cliameter  of  the  plates.  Since  the  E.M.F. 
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iiicreases  with  the  size  of  the  fish  (whether  i:>ro'portionatdy  re- 
mains, as  Hermann  pointed  ont,  14,  p.  486,  an  open  question), 
while  the  number  of  the  prisms  (or  plates)  is  unaltered,  a direct 
relation  between  the  diameter  of  the  plates  ii.e.  number  of  mole- 
cular  layers  in  du  Bois-Eeymond’s  sense)  and  the  E.M.F.  may 
be  assumed  as  proven,  although  Schônlein  disputes  this  on  the 
ground  of  his  experiments  (30,  p.  503).  This,  moreover,  co- 
incides  with  the  small  diameter  of  the  plates  of  the  Torpcclo  organ 
9 ‘6  /X,  as  compared  with  those  of  Gymnotus  8 ‘2  y,,  and  Malapte- 
rurus  4' 8 /x.  As  stated  above,  the  Toiyedo  organ,  adaj)ted  to 
sea-water,  can  suffice  with  less  E.M.F.,  while  those  of  the  two 
fresh-water  fishes  require  much  greater  E.M.F.  to  meet  their 
higher  internai  résistance  (greater  length,  smaller  cross-section). 
Given  the  surface  mass,  and  under  the  presumption  that  the  E.M.F. 
of  the  plates  is  proportional  to  their  diameter,  du  Bois-Eeymond 
(4  e,  p.  286)  finds  the  ratio  of  E.M.F.  in  the  entire  organ  of 
Gymnotus,  as  compared  with  that  of  Torpédo,  to  be  128:1. 

Du  Bois-Eeymond  brought  forward  the  following  conclusions 
as  evidence  that  the  molecular  hypothesis,  in  the  saine  form  in 
which  it  was  drawn  up  for  muscle  and  nerve,  accounts  for  the 
E.M.F.  of  the  electrical  organ  also  (t.c.  p.  288  f.)  : “The  E.M.F. 
of  a dipolar  molécule  from  a regularly  constructed  test-muscle,  as 
' diminished  by  short-circuiting,  = the  double  P.D.  between  equator 
and  pôles  of  the  muscle,  about  0T5  D.  Let  it  be  taken  for 
security  sake  as  = O'IO  D.  The  diameter  of  the  Gymnotus  plate, 
inclusive  of  the  papillæ  (which  are  also  regarded  as  electromotive), 
as  compared  with  the  diameter  of  the  Torpédo  plate  = 8 -2  : 9 '6  = 
8-5  : 1 ; the  first  contains  8 ‘5  times  as  many  molécules  as  the 
second.  Two  moleeides  atone,  one  behind  the  other,  of  the  Torpédo' 
plate  yield  a total  E.M.F.  of  400  x 2 x OTO  D = 80  D,  which  is 
sufbcient.  In  Gymnotus  we  reach  the  formidable  value  of 
6000  X 17  X OTO  D = 10,200  D.”  According  to  Schbnleiu 
{Le),  the  highest  E.M.F.  that  lias  yet  been  calculated  for  the 
discharge  of  Torpédo — hoty^OQw  30  and  31  D.  The  calculation 
was  made  “ either  by  comparing  the  detlection  from  the  discharge 
of  the  organ  with  that  from  a number  ot  Daniell  cells,  introduced, 
with  the  addition  of  a résistance  approximately  equal  to  that  of 
the  organ,  into  the  circuit  in  place  of  the  organ,  or  by  com- 
pensation ” (Schônlein).  If  with  Fritsch  we  reckon  the  number 
of  plates  in  Torpédo  ocellata  at  370,  in  T.  marmorata  at  380 
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per  prism,  this  gives  us  for  eacli  single  plate  an  E.M.F.  of 

These  values  are  undoubtedly  of  quite  a different  order 
from  those  given  for  the  E.M.F.  of  cold-blooded  nerves,  wliich 
is  always  below  0'025  D.  On  tbe  other  hand,  it  is  a striking 
and  hardly  adventitious  fact  tbat  the  figures  for  the  E.M.F. 
of  the  discharge  from  the  plate,  and  the  maximal  négative  varia- 
tion of  the  muscle,  are  not  merely  of  the  same  order,  but  are 
identical,  whence  Schonlein  {Le.  p.  501)  concludes  that  “ the 
substratum  at  which  the  discharge  of  the  electrical  organ  of 
Torpédo  is  completed  may  he  identified  exclusively  with  the 
substratum  in  which  the  négative  variation  of  the  muscle 
complétés  itself  ” ^ The  hypothesis  that  there  is  any  change 
of  position  of  preformed  electromotive  molécules  in  the  dis- 
charge, seems,  however,  under  ail  conditions  to  he  excluded,  from 
the  fact  that  the  majority  of  electrical  organs  are  no  more 
than  transformed  muscles,  and  that  the  molecular  theory  lias 
been  disproved  in  regard  to  the  latter.  This  is  obviously  not 
the  place  (since  we  are  here  concerned  solely  with  the  summary 
of  the  data  so  far  contributed  to  the  physiology  of  electrical 
fishes)  to  go  beyond  the  intentions  of  the  founder  of  the 
alteration  theory,  and  attempt  from  that  standpoint  to  explain 
the  phenomena.  It  is,  however,  permissible  to  say  that,  in  the 
opinion  of  the  author,  Hermann’s  theory  is  as  well  adapted  to 
cover  the  new  department  (which  merely,  as  it  were,  contains  old 
matter  in  a new  garment)  as  it  proved  to  he  in  regard  to  gland 
and  plant  currents. 

From  this  standpoint  the  principal  interest  attaches  to 
ekemieal  proeesses  within  the  active  substance  proper  of  the 
electrical  organ  ; it  is  well,  therefore,  to  subjoin  a few  remarks 
on  this  subject,  more  particularly  as  comparing  these  with  the 
corresponding  reaction  of  striated  muscle,  since  this  is  the  material 
whence  develops  the  electrical  organs. 

That  the  activity  of  muscle  is  correlated  with  Chemical  processes 
is  shown  inter  alia  by  the  fact  (first  pointed  ont  hy  du  Bois-Eey- 


* More  recently,  on  the  other  hand,  Sclionleiii  lias  adopted  the  view  that  the 
electrical  plate  i.s  a “ nerve-ending  ” (aiialogou.s  with  the  motor  end-plate).  The 
electromotive  substance  of  the  muscle  would  then  hâve  entirely  disapjieared  (which 
is  certainly  not  the  case  in  lUtjci). 
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moud)  tliat  the  réaction  difîers  in  resting,  and  in  excited  as  well  as  in 
dead  muscle.  The  acidity  is  in  the  latter  case  so  striking  that  it  is 
easily  demonstrated  by  less  sensitive  methods.  In  the  electrical 
organ  (of  Torimlo)  it  is  quite  other\vise,  as  proved  by  repeated 
observations  of  many  authors  who  hâve  investigated  this  point. 
Boll  (5  a),  who,  like  du  Bois-Reymond,  tested  the  reaction  with 
litmus-paper,  found  it  unmistakably  alkaline  in  the  non-cxcited 
organ  (Torpédo),  and  ail  later  investigators  hâve  agreed  with  him 
(cf.  Th.  Weyl,  36  h\  W.  Marcuse,  20).  As  regards  post-mortern 
acidity  there  is  not,  however,  the  same  consensus  of  opinion. 
While  Boll  and  Weyl  convinced  themselves  of  its  appearance, 
Marcuse  emphatically  denied  it.  M.  Schultze,  again,  found  that 
the  electrical  organ  of  freshly-killed  torpedoes  was  constautly 
very  acid,  which  from  analogy  with  the  muscle  was  referred  both 
by  Funke  and  du  Bois-Reymond  to  an  exhaustive  effort  of  the 
muscle  previous  to  death,  resulting  from  its  frequent  discharges. 
Experimental  results  are,  again,  in  direct  contradiction  with  this 
statement,  neither  strychnine  poisoning,  nor  direct  stimulation  of 
the  electrical  lobe,  nor  cutting-off  the  blood-supply  being  successful 
in  producing  any  marked  degree  of  fatigue.  Boll  found  noue  ; 
Marcuse,  who  determined  the  reaction  of  the  alcohol  extract  by 
titration,  with  litmus-paper,  detected  only  the  merest  shade  of 
différence  between  excited  and  non-excited  organ  (isolated  by 
section  of  the  nerve),  the  second  State  being  slightly  more  acid 
than  the  first. 

Rohmann  (29),  who  bas  recently  repeated  these  investigations 
at  the  zoological  station  at  Naples,  employed  a method  tirst 
invented  by  Dreser  (Chl.  f.  Physiol.  i.  1887,  p.  195)  for  muscle. 
This  is  based  on  the  property  possessed  by  acid-fuchsin,  of 
forming  with  the  alkali  of  the  tissue  fluids  a colourless  combina- 
tion, which  breaks  up  again  with  quite  weak  acids  (even  CO.,), 
and  assumes  a reddish  colour.  “ If,  after  ligaturing  the  circula- 

tion (in  a frog),  the  sciatic  nerve  on  one  side  is  tetanised 
intermittently  (after  previous  injection  of  acid  - fuchsin),  there 
will  (in  10—15  minutes)  be  a pronounced  reddeniug  of  the 
excited  limb,  which  on  the  ground  of  the  Chemical  properties  of 
the  acid-fuclisin  is  a proof  of  the  production  of  acid  by  active 
muscle  ” (Dreser).  Rohmann  was  able  to  establish  a similar 
reaction  in  the  electrical  organ,  since  in  a torpédo  injeeted  with 
fuchsin,  and  strychninised,  or  persistently  excited  from  the  lobe. 
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tlie  restiiig  organ  (isolated  by  division  of  the  nerve,  the  skin 
having  been  removed)  will  be  colourless  or  faiutly  pink,  while 
the  excited  organ  varies  from  pale  pink  to  peacli  blossom  colour. 
It  must  thns  be  taken  as  proven  that  “ during  the  génération  of 
electricity  within  the  electrical  plates  there  are  alterations  of 
metabolisin  which  lead  to  the  prodnctioii  of  a small  quantity  of 
acid  substances.”  On  the  other  hand,  Eohniann,  like  Marcuse, 
finds  no  iiicrease  of  the  nitrogenous  extractive,  or  substances 
contained  in  the  ether  extract.  Any  participation  of  carbo- 
hydrate (glycogen)  in  the  génération  of  electricity  seems  excluded 
by  the  fact  that  Marcuse  finds  neither  glycogen  nor  any  similar 
carbohydrate  in  the  electrical  organ. 

“ It  is  far  more  probable  that  a substance  closely  related  to 
the  albuininous  bodies  is  the  source  of  electroniotive  energy,  and 
libérâtes  it  in  the  formation  of  acids  which  are  soluble  in  ether  ” 
(Rôhmann).  It  is  above  ail  remarkable  that,  according  to . the 
foregoing  experiments,  “ the  production  of  the  electrical  discharge 
of  Torpédo  seems  to  occur  with  the  consumption  of  a minimal 
quantity  of  potential  energy,”  which  for  the  rest  holds  good 
equally  of  muscular  work,  though  not  in  the  same  degree. 
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CHAPTEK  XII 


ELECTROMOTIVE  ACTION  IN  THE  EYE 

Although  subjective  observation  and  the  analysis  of  sensations 
must  under  ail  conditions  take  first  rank  among  the  methods  of 
investigating  the  physiology  of  the  senses,  the  objective  signs  of 
sensory  activity,  though  scanty,  are  no  less  deserving  of  con- 
sidération. It  is  true  that  the  great  expectations  associated  at 
first  with  the  discovery  of  visual  purple,  and  the  bleaching  of  it 
by  light,  hâve  not  hitherto  been  fulfilled,  and  the  later  endeavours 
of  Kbnig  and  v.  Kries  to  attribute  a prédominant  rôle  to  this 
“ Visual  substance  ” must  be  regarded  as  discredited. 

Along  with  the  “ photo-chemistry  ” of  the  retina,  its  electro- 
motive  action  and  the  alterations  thereof  by  light  stimuli  daim 
the  chief  share  of  attention. 

As  early  as  1849  du  Bois-Eeymond  investigated  the  electrical 
reaction  of  the  optic  nerve,  at  its  peripheral  expansion  in  the 
eye,  while  he  was  engaged  in  proving  the  identity  of  the 
“ natural  ” and  artificial  cross  - section  in  nerve  — as  already 
established  for  muscle.  On  leading  off  froni  the  artificial  section, 
or  from  some  point  near  it  of  the  natural  long  section,  of  the 
optic  nerve,  and  the  external  surface  cornea)  of  a fish’s  eye- 
ball  as  free  from  muscle  as  possible,  the  nerve  was  invariably 
négative  to  the  eyeball.  The  natural  ending  of  the  nerve  thus 
seems  no  more  positive  than  the  tendon  end  of  the  muscle-fibres. 

Sixteen  years  later,  Holmgren  (1)  repeated  these  experiments, 
using  principally  the  frog’s  eye.  He  confirmed  the  observations 
of  du  Bois-Eeymond  in  regard  to  the  “ current  of  rest,”  and 
found,  moreover,  on  leading  olf  from  the  posterior  portion  of  the 
bulb  and  the  optic  nerve,  that  the  former  was  weakly  négative  to 
the  latter.  “ If  one  electrode  is  applied  to  the  optic  nerve 
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while  the  other  is  moved,  touching  now  the  back  of  the  bulb 
aud  now  the  coriiea,  there  résulta  iii  the  hrst  case  wbat  Holmgren 
calls  the  ‘ weak  réaction/  where  the  optic  nerve  is  positive  to 
the  eyeball,  in  the  second  the  ‘ strong  reaction/  nerve  négative 
to  cornea.”  Holmgren  rightly  observes  that  retina  can  no  more 
thau  muscle  be  terined  the  “ uatural  cross-section  ” of  the  cor- 
related  nerve,  since  it  forms  both  anatomically  and  physiologically 
an  eud-organ  distinct  from  the  nerve,  capable  conceivably  of 
independent  electromotive  action,  like  muscle  or  glands,  uncler 
certain  conditions.  If,  therefore,  in  agreement  with  du  Bois- 
Eeymond’s  view,  we  are  still  to  speak  of  natural  transverse  and 
longitudinal  sections,  the  former  must  be  defiued  as  the  entire, 
external,  mosaic  surface  of  the  retina,  bordering  on  the  choroid, 
while  the  inner  boundary  (layer  of  optic  fibres)  facing  the 
vitreous  body  forms  the  natural  long  section.  Holmgren 
determined  the  distribution  of  potential  upon  the  surface  of 
the  bulb  with  great  accuracy,  and  endeavoured  to  bring  the 
retinal  current  into  line  with  du  Bois-Eeymond’s  law  of  the 
muscle  current.  Without  entering  into  detail,  it  may  be  said 
that,  as  we  should  anticipate  from  the  electromotive  action  of 
the  entire  eye,  there  are  in  the  retina  différences  of  potential  in 
the  direction  of  an  “ ingoiug  ” current  {i.e.  from  without,  inwards), 
sigiiifying,  in  du  Bois-Eeymond  s sense,  that  the  natuial  cioss- 
section  (rods  and  cônes)  is  négative  to  the  natural  long  section 
(internai  surface  of  the  retina). 

The  inadmissibility  of  such  an  interprétation  is,  however, 
ol'jvious  if  we  consider  the  structure  of  the  retina,  which,  as 
justly  remarked  by  Kühne  and  Steiner,  “ exhibits  thioughout, 
and  exclusively  in  the  most  external  layer,  objects  that  are  quite 
unlike  free  nerve-endings,  while  in  no  other  layer  is  there 
anything  resembling  such  endings.” 

Kühne  and  Steiner  (3)  principally  employed  the  isolated 
retina  of  the  frog  iii  their  successful  researches.  This  tissue 
may  be  slipped  ont  of  the  fundus  as  out  of  a shell,  with  oi 
without  pigment  epithelium,  its  vital  properties  being  pieseived 
intact,  after  which  it  can  be  drawn  over  a rounded  glass  rod,^ 
and  brought  into  contact  with  the  leading-off  électrodes.  If 
tlie  rod- surface  is  external,  and  different  points  of  the  saine 
are  tested,  there  is  invariably  a strong  current  between  the 
entrance  of  the  optic  nerve  and  the  periphery,  the  former  being 
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positive  to  ail  other  points  of  the  retina.  In  leading  off,  on  the 
other  hand,  froin  the  fibrous  layer  (internai  surface),  the  entrance 
of  the  optic  nerve  is  invariably  négative  to  every  peripheral 
point.  Like  Holmgren,  Kühne  and  Steiner  further  observed,  on 
leading  off  siinultaneously  from  internai  and  external  surface  of 
the  fresh  retina,  an  “ ingoing  ” carrent,  the  former  being  négative 
to  the  latter.  The  retina  was  so  arranged  hetween  the  électrodes 
“ that  the  lower  of  the  two  supported  the  niendjrane  on  a clay 
cap  curving  upwards,  while  the  other  inade  contact  with  the 
opposite  surface  of  the  retina  by  a blunt  point.”  The  E.M.F.  of 
this  carrent,  which  is  at  first  considérable,  diininishes  rapidly, 
and  at  times  disappears  completely,  although  in  niost  cases  it 
remains  for  some  time  longer  at  a medium  height. 

The  variations  of  the  retinal  current  under  the  influence  of 
light  are  of  far  greater  interest  than  its  intrinsic  hehaviour. 
Here,  again,  it  is  to  Holmgren  that  we  owe  the  fundamental 
observations  : he  sbowed  that  the  retinal  ciuTent  invariably 
gives  a positive  deflection,  if  light  falls  on  an  eye  that  had 
previously  been  in  the  dark,  or  when  light  is  shut  off  from  it. 
This  occurs  in  the  frog  without  exception,  while  in  reptiles 
(snakes),  birds,  and  mammals  Holmgren  finds  on  the  contrary 
a négative  effect  at  the  impact  of  light,  a positive  variation  at 
darkness.  The  mere  alteration  of  intensity  of  illumination  makes 
an  effective  stimulus. 

Dewar  and  M'Kendrick  discovered,  independent  of  Holmgren, 
that  a positive  variation  resulted  from  illumination  of  the  eyes 
of  vertebrates  (of  ail  classes),  as  also  of  crustacea,  correspond- 
ing  to  an  increase  of  E.M.F.  in  the  rest -current  of  3-10  %. 
Huring  part  ol  the  experiments  the  lead-off  (frog)  was  not 
merely  from  the  bulb,  but  from  this,  and  a portion  of  the  brain 
still  connected  with  it  by  the  optic  nerve.  Here,  too,  the  impact 
of  liglit  was  followed  by  a strong  positive  variation.  Tlie  saine 
occurs  in  the  pigeon  on  leading  off'  from  optic  lobe  and  cornea 
ol  the  opposite  eye.  The  variation  in  tliis  case  is  iiearly  doubled 
if  the  two  retinæ  are  simidtaneously  illuminated,  nor  is  it 
altogether  absent  on  leading  off  from  lol)e  and  cornea  on  the 
sanie  side.  Ol  coloured  liglits,  yellow  was  the  most  elfective, 
then  came  green,  red,  and  l)lue.  Lastly,  Dewar  and  IMTvendrick 
eventiially  believed  that  they  had  discovered  relations  hetween 
stimulus  and  eflect,  corresponding  with  Fechner's  law. 
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Kühne  and  Steiner  (/.c.)  at  first  experiiiieiited  in  a dark  rooiu 
divided  into  three  parts.  The  two  fartliest  contained  the 
galvanonieter  and  telescope,  while  the  eye  was  prepared  in  the 
third  room  by  a lainp.  In  the  later  experiinents  the  galvano- 
nieter  was  placed  in  a light  room,  while  the  électrodes  aiid 
illuminating  arrangements  were  in  an  adjacent  and  absolutely 
dark  chamber.  The  stimulus  was  made  by  an  Argand  gas- 
bnrner  at  a distance  of  50—75  cm.  from  the  préparation.  The 
lamp  was  turued  up  and  down  by  an  assistant  at  a signal,  so 
that  the  retina  was  suddenly  illnminated  or  darkened.  The 
lead-off  from  the  inner  and  outer  surfaces  of  the  retina  was 
elîected  by  specially  constructed  clay  électrodes,  covered  (Engel- 
mann’s  method)  with  frog’s  lung.  Each  adéquate  and  sudden 
illumination  with  bine,  greeu,  yellow,  red,  or  white  light  then 


produced  a considérable  complex  varia- 
tion of  the  retinal  current,  with  or 
without  the  presence  of  visual  purple. 

The  typical  effect  (Fig.  282)  in  a retina 
containing  the  purple  is  a positive 
variation  at  the  moment  of  illumina- 
tion (h  c)  rising  rapidly  to  its  maxi- 
mum, and  then  passing  quickly  into  the 
négative  variation.  This  phase  reaches 
its  maximum  {d  e)  during  the  impact 
of  light,  is  delayed  some  time  at  this 
point,  and  then  déclinés  very  gradually  to  zéro,  even  during  con- 
stant illumination.  At  the  moment  of  darkness  there  is  again  a 
sudden  positive  effect  (e  /),  which  must  be  regardée!  as  the  resuit 
of  a second  stimulus  due  to  the  disappearance  of  light.  The 
mode  of  excitation  is  therefore  in  a measure  comparable  with 
that  from  an  electrical  stimulus.  As  in  the  latter,  the  impact 
and  duration  of  the  current  on  the  one  hand,  and  its  disappear- 
auce  on  the  other,  act  as  a stimulus,  so  with  tlie  impact  of  light 
upon  the  retina,  where  the  etfects  are  visible  on  the  galvanonieter 
as  an  initial  diphasic  (positive  then  négative)  and  a second 
simple  (positive)  variation  of  the  rest-current.  The  presence  or 
absence  of  visual  purple  appears  Irom  Eüline  and  Steinei  to 
be  of  es.sential  importance  to  the  intensity  ol  the  retinal  “current 
of  action.”  Not  merely  does  the  magnitude  of  the  variations 
differ  in  the  two  cases,  being  greater  in  the  unbleached  retina 
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for  the  same  stimulus,  but  they  are  qualitatively  different.  In 
“ light  ” frogs — such,  i.e.,  as  bave  been  exposed  for  hours  to  the 
full  effect  of  daylight — the  positive  fore-swing  of  the  négative 
variation  concomitant  with  the  impact  of  light  is  entirely 
wanting,  or  appears  as  a trace  only.  The  same  reaction, 
according  to  Kühne  and  Steiner,  is  exhibited  by  the  retinæ  of 
winter-frogs  even  when  confîned  for  days  in  darkness  in  a warm 
room. 

If  the  current  of  rest  in  an  unbleached  “ dark  ” retina  is  of 
low  E.M.F.,  and  the  négative  variation  in  illumination  only 
moderately  developed,  there  is  usually  a reversai  of  the  current 
at  excitation,  immediately  after  the  positive  fore-swing,  which 
lasts  throughout  the  period  of  light  (Fig.  283).  In  other  cases 
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(with  a strong  current  of  rest),  there  is  often  no  genuine 
négative  variation,  merely  a more  or  less  considérable  décrément 
of  the  preliminary  positive  fore-swing  (Fig.  284).  The  current 
of  rest  often  begins  to  sink  rapidly  froni  the  moment  of 
préparation.  It  may  not  merely  sink  to  zéro,  but  be  reversed. 
The  photo-electric  variations  are  only  thereby  affected  in  so  far 
that  the  individual  phases  collectively  exhibit  the  opposite  signs, 
while  entry,  order,  course,  and  magnitude  undergo  no  alteration. 
The  three  variations  accordingly  présent  the  indices  — -b  — , 
instead  of  the  normal  + — -f . 

The  fact  that  the  three  phases  of  the  retinal  action  current, 
due  to  transitory  illumination,  appear  in  sensitive  préparations 
even  when,  as  with  the  electric  spark,  the  impact  of  light  is 
momentary,  shows  that  the  medium  négative  phase  must  not  be 
regarded  merely  as  the  consecpience  of  permanent  illumination. 


xn 


ELECÏROMOTIVE  ACTION  IN  THE  EYE 


475 


siuce  it  is  just  this  phase  wliich  alone  ap]3ears  in  less  excitable 
préparations  with  instantaneous  liglit  stiinnli. 

It  is  furtlier  remarkable  tbat,  as  was  founcl  by  Fucbs  (4), 

“ tbe  first  (positive)  phase  of  the  variation  produced  by  tbe 
electric  spark  occnrs  incomparably  more  rapidly  tban  in  non- 
instantaneons  illnmination.”  Tbis  is  a strong  argnnient  foi 
considering  tbe  (photo-electric)  variations  as  tlie  expression  of 
the  excitatory  process  in  tbe  sensory  inatter  ” (S.  Fncbs). 

Every  considérable  variation  in  intensity  of  illumination 
produces,  indifferently  as  to  wbether  it  occurs  in  the  négative  oi 
the  positive  direction,  a 'positive  variation  of  tbe  rest-current  ; as 
expressed  on  leading  off  froni  the  isolated  retina  by  twitching 
movements,  if  the  flame  is  made  brigbter  or  darker  by  tuining 
tbe  gas  up  or  down.  “ And  since  our  eyes  cannot  perceive  such 
incréments  above  a certain  limen  of  intensity,  tbe  movements  on 
the  galvanometer  cease  just  before  the  highest  luminosity  is 
attained  ” (Kübne  and  Steiner). 

The  retina  is  extraordinarily  sensitive  towards  even  the 
merest  trace  of  light  (glimmer  of  a cigarette,  flash  of  phos- 
phorescent powder),  so  that  it  may  be  said,  on  the  grouncl  of 
Kuhne  and  Steiner’s  experiments,  that  the  galvanometer  reacts 
to  the  same  intensities  of  light  “ that  produce  a clear  sensation 
in  the  eye.”  If  the  illumination  is  confined  to  the  smallest 
possible  point  of  the  retina,  there  is  none  the  less  a photo- 
electric  variation  at  every  other  point,  however  distant,  due 
either  to  currents  deriving  from  the  tract  that  is  directly 
illuminated,  or  to  the  effect  of  diffusion  of  light  in  the  retina. 

The  effect  in  the  entire,  uninjured  eyeball  ditfers  essentially 
from  the  course  of  the  photo-electric  variation  in  the  isolated 
retina  as  described  above,  since  in  préparations  of  maximal 
excitability  the  second  négative  phase  of  the  variation  upon 
the  impact  of  light  is  wanting  : so  that  even  when  the  illumina- 
tion is  protracted  for  several  minutes  there  is  a uniform  increase 
Ijetween  the  first  positive  initial  and  second  ecpially  positive 
terminal  variation  of  the  current.  An  effect  analogous  to  that 
in  the  isolated  retina  appears  only  with  injured,  fatigued,  or 
dying  bulbi  (which  may  be  compared  with  certain  observations 
of  Dewar  and  M'Kendrick). 

The  variations  of  the  eyeball  current  are  furtlier  much 
smaller,  in  conséquence  of  the  less  favourable  conditions  of 
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leadiiig  off,  and  inay  after  previoiis,  strong  illimiinatioii  fai] 
altogether,  wliile  tlie  isolated  retina  would  still  yield  a vigorous 
curreut  of  action. 

These  différences  in  the  plioto-electrical  variations  of  the 
eyeball  and  isolated  retina  appear  to  dérivé  solely  from  nnavoid- 
able  alteration  of  the  latter  during  préparation,  since  careful 
division  of  the  eye  into  anterior  and  posterior  halves,  with  removal 
of  the  lens,  never  produces  the  iniddle,  négative  phase,  while  this 
never  fails  to  appear  on  tearing  the  retina,  or  letting  ont  the 
vitreous  humour.  The  saine  occurs  in  the  uninjured  eyeball, 
when  excitability  diminishes  gradually  in  a stale  préparation 
(accumulation  of  COJ.  The  positive  initial  phase  of  the 
diphasic  variation  becomes  gradually  snialler,  and  at  last  fails 
altogether.  Holingren  was  the  first  to  observe  the  différences 
in  the  plioto-electrical  variations  of  the  retinæ  of  varions  animais. 
In  reptiles  {Vipera  Bcrus),  hirds  (fowl),  and  mammals  (rabhit, 
dog),  the  uninjured  eyeball  in  situ  invariably  exhibits  first  a 
négative  and  then  a positive  variation  of  the  current  of  rest, 
instead  of  the  diphasic — in  both  cases  positive — variation  of  the 
frog’s  eye  at  the  commencement  and  end  of  illumination.  Since 
(supra)  a similar  reaction  takes  place  in  dying  or  fatigued  frogs’ 
eyes,  the  effect  miglit  presuniahly  he  due  to  the  lower  résistance 
of  warm-hlooded  eyes,  on  the  assumption  that  if  investigated 
under  conditions  as  nearly  as  possible  normal,  they  would  exhibit 
the  sanie  characteristics  of  plioto-electrical  variation  as  the  frog’s 
eye.  Against  this,  however,  we  hâve  on  the  one  hand  the  fact 
that  in  certain  cases,  c.g.  the  pigeon  (where  the  long  rods  and 
cônes  are  very  enduring),  the  isolated  retina  lends  itself  readily 
to  experinient,  and  phAiily  shows  at  least  the  initial  négative 
phase  (especially  if  the  température  of  the  chamher  is  raised 
a littlé,  Kühne  and  Steiner)  : on  the  other  hand,  the  reaction 
of  reptiles’  and  still  more  of  fîshes’  eyes  may  be  urged  as  a 
plausible  objection. 

The  results  of  illuminating  the  fish’s  eye  were  nil  for 
Holingren,  and  very  unsatisfactory  to  Dewar  and  M'Kendrick. 
Kühne  and  Steiner,  on  the  contrary,  ohtained  successfnl  effects 
from  the  uninjured  ejmhall,  and  still  more  from  the  isolated 
retina  of  several  species  of  fish  (Perça  flnv.,  Esox  lucius,  Lcuciscus 
and  Cyprinus  barbus). 

While  the  cnrrent  of  rest  gives  the  sanie  reaction  as  in  the 
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fi-og i.e.  greatest  iu  the  iminjured  eyeball,  least,  and  ofteii 

reversed,  in  the  isolated  retina — the  photo-electrical  variations  are 
essentially  different  in  character  and  distrihntion  (Fig.  285). 
Tu  the  eyehall  there  is  at  the  coinniencement  of  illumination  a 
positive  and  very  slowly  increasing  variation,  that  only  rises 
ahruptly  at  the  end  to  its  maximum.  This  is  succeeded  hy  an 
increase  of  the  current  of  rest  which  persists  during  the  impact 
of  the  light,  and  at  the  close  of  illumination  is  followed  hy  an- 
otlier,  hut  much  weaker,  ]DOsi- 
tive  variation.  On  the  other 
hand,  the  posterior  half  of  the 
eye,  as  also  the  isolated  retina, 
yields  an  initial  négative  varia- 
tion, followed  immediately  hy 
a positive  phase,  in  which  the 
current  of  rest  is  more  or  less 
augmented  heyond  its  original 
proportions.  At  cessation  of 
light  there  is,  as  in  the  frog, 
another  j^ositive  variation  of 
considérable  magnitude.  If 
any  alteration  occurs  in  the 
retina,  the  current  of  rest  will 
not,  at  the  close  of  the  first 
négative  phase,  regain  its  ori- 
ginal base  - line  during  the 
illumination — while  fînally,  in 
fatigued  or  dying  préparations, 
a décrément  of  the  négative 
variation  fails  altogether,  so  that  this  phase  remains  as  the  sole 

effect  of  excitation. 

Van  Genderen-Stort  (5)  ohserved  that  the  movements 
(change  of  position)  in  the  cônes  of  the  retina,  as  well  as  the 
displacement  of  pigment  in  the  retinal  epithelium,  weie  pi’o- 
duced  not  merely  l*y  the  direct  illumination  of  that  eye,  hut 
also  hy  illumination  of  the  other  ; whence  it  niight  he  concliided 
that  the  optic  nerve  contains  not  merely  sensory  hut  also  centri- 
fugal  (retino-motor)  fibres.  Engelmann  lias  shown  (5)  that  this 
might  incite  reflex  alteration  in  the  electromotivity  of  the  eyehall. 
Obvions  variations  were  obtained  in  every  instance,  on  leading  ofl 


478 


ELECTRO-PHYSIOLOGY 


CH. VP. 


from  tlie  niiddle  of  the  cornea  and  a point  posterior  to  it  or  near 
the  equator,  in  the  npper  half  of  the  eyehall  of  a “ dark  ” frog, 
when  (with  complété  obscurity  of  this  eye)  the  other  eye  was 
illuminated.  The  saine  occurred  after  reinoval  of  the  skin  as 
well  as  of  the  mucosa  of  the  palate,  althongh  in  a lesser  degree. 
In  opposition  to  the  photo -electrical  variations  with  direct 
illumination,  absence  of  the  second  positive  phase  occurred 
only  with  sudden  obscurity.  After  dividing  the  optic  nerve, 
there  was  no  galvanic  effect  from  illumination  of  the  opposite 
side.  Chemical  stimulation  (application  of  a crystal  of  sait  to 
the  retina  of  the  opened  eyehall)  produced  considérable  variations 
of  the  rest-current  in  the  otiier  eye,  first  in  the  positive  and 
then  in  the  négative  direction. 

Starting  from  the  experiments  of  Kühiie  and  Steiner  upon 
instantaneous  illumination  of  the  retina,  Sigm.  Fuchs  (4)  bas 
recently  been  attempting  to  détermine  more  exactly  the  time- 
relations  of  the  photo-electrical  variations  in  the  frog’s  eye, 
and  to  discover  whether  (as  might  be  anticipated)  the  excitation 
of  the  apparatus  of  the  optic  nerve,  and  therewith  of  the  ac- 
companying  light  sensation,  occurs  subsequently  to  the  stimulus 
which  discharges  them.  A sériés  of  opening  sparks  were 
discharged  by  means  of  Beriistein’s  rheotome  as  adéquate 
stimuli  for  the  retina,  the  galvanometer  beiug  closed,  on  the 
other  hand,  at  a variable  interval  after  each  impact  of  light. 

The  form  and  tinie-relations  of  the  curve  of  variation  could 
thus  be  investigated  by  the  same  niethod  as  the  négative 
variation  of  the  muscle  or  nerve  current.  The  experiment  was 
of  course  perfornied  after  compeusating  the  current  of  rest. 
Kühne  and  Steiner  had  previously  made  observations  upon 
the  E.M.F.  of  the  latter,  which  are  approximately  confirmed 
by  the  valuable  data  obtained  by  S.  Fuchs  with  the  Foggendorff- 
du  Bois-Eeymond  method  of  compensation. 

The  E.M.F.  of  the  current  of  rest  during  a single  experiment 
was  sufficiently  constant  to  give  assurance  that  the  conditions 
underwent  no  substantial  alteration  during  the  period  of  investi- 
gation. Each  rheotome  experiment  started  “ from  the  appearance 
of  the  spark  at  the  moment  of  opening  the  retina  circuit  in  the 
rheotome.  The  characteristic  position  t>f  the  slider  must  be 
regarded  as  the  zéro-point,  from  which  the  experiment  starts 
each  time,  or  to  which  it  returns.”  Under  these  conditions 
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there  was  never  an  etfect  upoii  tlie  galvanometer,  silice  tlie 
photo -electrical  variation  occurred  diiring  the  period  of  an 
entire  révolution  (0‘2564  sec.).  It  further  appeared  “ that  a 
ineasurable  period  (0-0005-Q-0060  sec.)  elapsed  between  the 
moment  of  stimulation  and  the  perceptible  commencement  of 
the  positive  part  of  the  variation,  after  which  the  positive 
preliminaiy  phase  rapidly  attains  its  maximum,  and  then  falls 
quickly,  passing  into  the  négative  portion  of  the  photo-electrical 
variation.  If  this  latter  makes  its  appearance  alone,  with  no 
positive  fore-swing,  a stage  of  latent  excitation  (from  0 0004  to 
0'0064  sec.)  is  still  plainly  visible,  followed  first  by  a weaker 
phase  (négative  fore-swing)  and  then  by  the  true  négative 
principal  variation.  The  maximum  duration  of  the  positive 
fore-swing  lasts,  according  to  Fuchs,  O'OISI  sec.  ; the  minimum 
= 0'0070  sec.  The  négative  fore-swing  lasts  (with  exclusive 
appearance  of  the  négative  variation)  between  0'0029  and 
0-0105  sec.;  the  period  to  the  maximum  of  the  négative  varia- 
tion = 0-0089—0'0352  sec. 

The  question  may  be  raised  as  to  what  portions  (layers) 
of  the  retina  are  mainly  or  solely  concerned  in  initiating 
the  electrical  F.D.  The  exclusive  appearance  of  the  négative 
variation  at  the  trunk  of  the  optic  nerve  on  stimulating  the 
eye  with  light,  permits  us  to  conclude  with  tolerable  certainty 
that  the  anterior  fibrous  layer  gives  a similar  reaction,  whence 
it  follows  that  the  processes  underlying  the  complex  photo- 
electrical  variations  of  the  retina  are  situated  in  layers  that 
do  not  extend  anteriorly  beyond  the  ganglion  layer.  That 
this  layer  is  not  itself  directly  implicated  appears  from  the  fact 
that  retinal  préparations  from  warm-blooded  animais  are  usually 
very  unstable,  and  quickly  lose  their  photo-electrical  reaction 
even  when  the  whole  fundus  of  the  eye  is  examined.  This 
inust  be  referred  to  the  well-known  sensibility  of  non-ganglionic 
éléments  to  ail  disturbances  of  their  normal  metabolism.  The 
high  resistaîice  of  the  hivd’s  retina  is  therelore  the  more 
remarkable.  Kühne  and  Steiner  obtained  good  results  with 
even  the  isolated  retina  (pigeon),  which  can  only  be  referred  to 
tbe  great  vitality  of  the  long  rods  and  cônes  in  the  pigeon, 
since  it  can  scarcely  be  supposed  tliat  ganglion-cells  or  nerve- 
hbres  of  the  retina  would  be  excitable  45-50  min.  after  making 
the  préparation.  We  are  thus  forced  to  conclude  that  the 
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épithélial  éléments  {the  true  sensory  cells)  are  again  the  seat 
of  electromotivity , which  is  the  more  probable  since  it  can 
be  showii  that  the  changes  produced  by  liglit  are  initiated  iu 
these  éléments.  According  to  Kühne  and  Steiner,  however,  this 
is  due  less  to  primary  photo-chemical  processes  occurring  in  the 
external  éléments  of  the  visual  cells — the  alteration  of  the 
hypothetical  visual  substance  by  light  — than  to  the  con- 
séquences of  excitation  of  “ the  protoplasm  contained  in  the 
internai  constituents  of  the  visual  cells,  by  the  photo-chemical 
products  of  disintegration.” 
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laryngeal  muscles,  ii.  98 

— on  nerve,  ii.  61,  75.  294 
Anelectrotonus.  See  Electrotonus 
Anode,  définition,  i.  210  ; iuhibitory  action, 

i.  236,  257.  264  ; ii.  139,  140  ; jdiysio- 
logical,  i.  212  ; rehatiou  to  opeuiug  ex- 
citation, 216  ; ii.  138 

Anodic  closiug  excitation,  .apparent,  i.  236, 
270  ; of  protozoa,  305 

— “closure  twitch”  (p.athological),  ii.  155 

— excitability,  i.  289 

— excitation,  unipolar,  i.  237  ff. 

— polarisation,  in  muscle,  i.  445  ; innerve, 

ii.  310 


1 The  translator  is  responsible  for  the  subdivision  of  cliapters,  and  enlargemeut  of  index, 

iu  this  volume. 
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Aiiodoiita,  addiietor  muscle,  tonus,  i.  100  ; 
electrical  excitation,  177,  187,  233  ; 
nerves,  ii.  281 

Ansimichsfiihigk'eit  (capacity  of  respouse). 
See  excitai lility 

Autagonisin,  in  cardiac  innervation,  i.  432  ; 
ii.  103,  104 

— niusculiir,  Hexors  and  extensors,  ii.  96  ; 

comstrictors  and  dilator.s  of  glottis, 
97  ; craytisli  claw,  98,  18,5 

— in  nerves  to  criiyfish  cLaw,  i.  434  ; ii. 

185  lï. 

— polar,  of  current,  i.  264,  270  ff.  ; ii.  138, 

144,  201  tf. 

— in  sensory  nerves,  ii.  201  H'.  ; auditory, 

206  ; cutaneous  sensory,  207  ; optic, 
201,  205  ; taste,  201 

— of  vagus  fibres  in  respiration,  ii.  196 
Apex-tinie  :ind  -heiglit,  i.  115 
Artbropod  muscles,  i.  34 
Assimilation  (and  dissimilation)  in  living 

matter,  i.  83,  433  ; ii.  201,  328 
Auditory  nerves,  ii.  206 
AvaLanche  incrément  of  excitation,  ii.  94 

— tlieory  (Ptiüger),  ii.  94 

Axial  current  in  nerve  (du  Bois-Reymond), 
ii.  229 

Axis-cylinder,  définition,  ii.  34  ; mortifica- 
tion, 232  ; structure,  46,  58 

— as  poLarisable  core,  307 

Bat,  muscle-fibres,  i.  32  ; twitcli,  cliaracter 
of,  63 

Beetle,  muscle  structure,  i.  34  ; nature  of 
twitoh,  63  ; tétanisation,  125 
Bell’s  palsy,  i.  181 

Bernstein’s  experiment,  on  fatigue  of  nerve, 
ii.  111  ; on  muscle  wave,  i.  373 
Bifurcate  experiment  (Kühne),  i.  430  ; 
ii.  57 

Breach  (Lücke),  ii.  211  fî.  ; in  opening 
twitches,  240 

Bre,ak  and  make  induction  sliocks,  in- 
etiuality  of  physiologic.al  action,  ii. 
123  ff. 

Brusli,  Wagner’s,  ii.  361 

Canalisation,  ii.  56,  73 
Capillary  electrometer,  i.  401  ff. 

Carbonic  acid,  effect  on  nerve  (Grünliagen), 
ii.  65 

Cardiac  innervation,  i.  432  ; antagonism  of 
inhibitor  and  accelerator  fibres,  ii. 
103 

Cardiac  muscle,  clienucal  excitation,  i,  106 

— conductivity,  i.  162,  397 

— contl-action,  i.  58;  time- relations,  58, 

162  ; contraction  wave,  163 

— electromotivity,  iluring  action,  i.  397, 

432  ; during  rest,  344  ; positive  varia- 
tion (Caskell),  432  ; time-relations  of 
action  current,  399 


Cardiac  muscle,  excised  mammalian,  i.  94 

— polar  law  of  excitation,  i.  257 

■ — réaction  to  constant  current,  i.  194,  257 

— refractory  period,  i.  129 

— rliytlnnical  response,  i.  195 

— “staircase,  ” i.  70 

— .structure  of  invertebrate,  i.  20  ; verte- 

brate,  24  ff.,  91 

— sunimation  of  stimuli,  i.  130 

— température,  effect  of,  i.  100 

— tension,  effect  of,  i.  79 

— vitality,  i.  91 

Cat  tish.  See  Malapterurus 
Cell  currents,  in  plants,  ii.  29  ; theory  of. 
i.  462,  508 

Central  innervation,  rliythm,  i.  138  fl'. 
Central  (and  periplieral)  nervous  System,  ii. 
78,  84 

Ceph.alopoda,  muscle-oells,  i.  15  ; nerve.s,  ii. 

259  If.,  286 
Ciliated  infusoria,  i.  3 
Circulation,  action  on  nervous  sy.stem,  ii. 

77,  86  ; on  vitality  of  muscle,  i.  92 
Closure  contraction  (persistent),  i.  183, 
205 

Closure  of  current,  general  effects,  ii.  266  ff. 
Closure  tetanus,  ii.  117  ; secondary  in- 
efflcacy,  i.  422 

Cnid.aria,  épithélial  muscles,  i.  10,  11 
C0.2  ou  nerve  (Griinhageu),  ii.  65 
Cohnheim’s  Àreas  in  muscle,  i.  29 
Cold,  action  on  muscle,  i.  97  ; on  muscle 
current,  338 

— ou  nervous  conductivity,  ii.  61  ; excita- 

bility,  95,  117  ; refiex  excitability,  76 
Columns  of  electrical  organ,  ii.  359  tf.  : 
énumération,  i.  396 
Compensator,  round,  i.  336 
Conduction,  in  both  directions,  ii.  56,  74, 
251 

— law  of  isolated,  56,  73 
Conductivity,  in  cardiac  muscle,  i.  162, 

397 

— in  electrical  orgaus,  ii.  431  ; irreciprocal, 

456 

— in  muscle,  i.  144  ff.  ; red  and  pale 

muscle,  150;  sinooth  muscle,  165: 
time-relations,  373  ; of  electrotouic 
alterations  in  muscle,  295 

— in  nerve,  ii.  52  ff.  ; in  nerve-cells,  66, 

69  ; in  nerve-fibres,  52,  63  ; iu  afferent 
nerves,  120  ; in  afferent  and  efferent 
fibres,  62  ; in  electrotonised  nerve,  147  ; 
time-i'elations,  59 

— ■ .and  excitability  (Grünliagen),  ii.  62  ff., 
95 

— theory,  ii.  336 

Conson.ating  spriugs  (Helmholtz),  i.  135 
Constant  current,  .action  on  cardiac  muscle, 
i.  194  tf.,  228 

— on  electrical  fishes,  ii.  425  tf. 

— on  muscle  (smooth  and  .striated),  i.  1 74  fi'.. 
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197  ; iit  iiiake,  176  11.  ; iit  break, 
185  ff.  ; clo.sing  and  opening  excita- 
tion, 187  ; persistent  action,  185  H'.  ; 
polar  excitation,  210  ft'.,  228  il'.,  ii. 
140  ; polarisation  after-ellects,  i.  287, 
289  ; tétanie  cliaracter  of  excitation, 
197 

Constant  current,  on  l'atigued  aini  nioribund 
striated,  as  coinpared  rvith  sinooth 
muscle,  i.  182  ; ou  jjartially  injnred 
muscle,  217 

— on  nerve,  ii.  116  11.  ; closiug  and  opening 

excitation,  116  ; direction  (Plliiger’s 
law),  134  fl.  ; electrotonic  plienoniena, 
140  ; alter-ellects,  143  ; persistent 
action,  118  ; polar  action,  138  rt'.,  266  ; 
rhytlimical  excitation,  119  ; tétanie 
cliaracter  of  excitation,  119 

— ou  allereut  nerves,  ii.  195  ; ou  cardiac 

vîigus,  121,  194  H.  ; on  cooled  nerve, 
117  ; ou  crayfish  claw,  185  ; on  optic 
nerve,  202  if.  ; ou  secretory  nerves, 
121,  195  ; on  sensory  nerves,  120, 
197  ; on  spécifie  nerves,  194  fi'. 

— in  pattiological  cases,  i.  181 
Continuity  of  muscle  substance,  i.  229 
Contraction,  alteration  in  optical  properties 

of  muscle,  i.  46  fi'.  ; efiects  of  tempéra- 
ture, 99  ; rliytliinical,  witli  Chemical 
excitation,  106  ; with  excitation  by 
constant  currents,  195 
Contraction  wave,  i.  144  11.,  158,  163 
Contraction  without  metals,  i.  326 
Contracture,  i.  89 
Core-model,  ii.  299,  307 
Crayfish,  muscular  nerves  of,  ii.  36,  342  ; 
excitability,  i.  98  ; excitation  with 
constant  current,  185  fi'.  ; inhibition 
of  muscular  tonus  by  kathodic  excita- 
tion, 100  ; tetauus,  118 
Cross-striation  of  muscle,  during  contrac- 
tion, i.  46  fl.  ; physiological  signifi- 
cance,  39 

Current  distribution,  in  muscle,  i.  346 

— in  nerve,  ii.  266 

— in  polarisable  schemata,  ii.  298 

— in  discharge  of  torpédo,  ii.  347.  414 
Current  intensity,  eUect  on  height  of 

twitch,  i.  69 

Current  of  rest,  in  electrical  orgau.  ii.  443 

— in  nian  and  other  warm-blooded  animais, 

i.  391 

— in  muscle,  i.  321  fl.,  345 

— in  nerve,  ii.  227  fi'. 

— in  optic  nerve,  ii.  470 

— in  retina,  ii.  470 
See  Injury  current 

< 'urrent  oscillation,  excitatory  action  on 
mu.scle,  i.  180,  286  ; on  nerve,  ii.  116 
ff.,  210 

Cutaneous  sensory  nerves,  excitation  by 
current,  ii.  207 


Death,  local,  efi'ect  on  polar  excitation  by 
current,  i.  218  ; ii.  157 
Death  of  muscle,  i.  90  ; elleet  on  conduc- 
tivity,  151  ; on  excitability,  182,  343  ; 
on  mu.scle  current,  337,  343,  351  ; on 
current  of  action,  382,  388 

— of  nerve  (degeneration),  ii.  90  ; efi'ect 

ou  excitability,  89  ; on  nerve-cnrrent, 
230  ; on  reaction,  117 

— of  terminal  organ,  ii.  89 

Décliné  of  excitability  in  nioribund  nerve, 
ii.  89 

Décrément  of  contraction  wave  in  muscle, 
i.  149  ; absence  in  living  man,  395 
Décrémentai  action  current  (Hermann), 
i.  382 

Degeneration  of  medullated  nerve,  ii.  90  ; 

relation  to  nerve  cuiTent,  230 
Déhydration  of  nerve,  ii.  165  ; by  alcohol, 
69  ; by  NaCl,  167 

Démarcation  cuiTent,  i.  321,  352  ; ii.  227 
ff.  In  jury  current 

Démarcation  surface,  i.  337,  352 
Dérivation  of  animal  electromotivity  (du 
Bois-Reymond),  ii.  418 
“ Dimiuutional  current  ” (du  Bois-Rey- 
mond), i.  362  fl. 

Dionæa  muscipiila,  ii.  6 fl.  ; négative  varia- 
tion, 17 

Diphasic  current  of  action,  in  muscle,  i. 

381  ; in  nerve,  ii.  262 
Direction  of  current,  in  muscle,  i.  199  ; in 
nerve,  ii.  132  ff. 

Discharge  of  torpédo,  action  of  curare,  ii. 
429  ; of  strychnin,  423  ; after-eflects, 
437  ; direction,  416  ; distribution  of 
poteiitial,  414  ; electrolytic  action, 
420  ; E.M.F.,  464  ; method  of  leading- 
ofl,  410;  oscillatory  cliaracter,  409; 
physiological  action,  407  ; sparking, 
417;  téléphoné  observations,  424  ; 
time-relations,  431 

— local,  ii.  421 

— partial,  ii.  425 

— refie.x,  ii.  423 

— spontaneous  cliaracter  of,  ii.  424 

— theory  of  (du  Bois-Reymond),  ii.  346 
Dissimilation  (and  assimilation)  in  living 

matter,  i.  83,  441  ; ii.  201,  328 
Distilled  water,  action  on  muscle,  i.  356 
Double  myograph,  i.  175 
Double  refraction  of  muscle,  i.  46 
Doyère’s  expansion,  i.  384  ; ii.  338  fi'. 
Duration'  of  current,  excitatory  action,  i. 
177  ; ii.  121 

Dytiscus  muscle,  i.  35,  63  ; tetanus,  125 


Echinus,  electrical  excitation  of  muscles, 
i.  238 

/unuchleichen.  Sce  Graduai  entrance 
Electric  eel.  See  Gymnotus 


486 


ELECTEO-PHYSIOLOGY 


Electrical  colunnis  {prisiiis),  ii.  360,  370  ; 
einiiuerotion,  393  ff. 

Electrical  carrent,  action  on  electrical  organ, 

i.  425  if.  ; ou  lunscle,  i.  174  if.  ; on 
nerve,  ii.  116  ff.  ; ou  protozoa,  i.  299  ; 
résistance  of  nin.scle,  i.  200  ; of  nerve, 

ii.  304.  See  Constant  carrent 

— cause  of  electrol3'sis  in  living  niatter,  i. 

317 

Electi’ical  fislie.s,  <lischarge  from,  ii.  407  ff.  ; 
conilnction  bj'  air  (sparkiug),  417  ; 
direction,  416  ; discontinuons  nature, 
424  ; distribution  of  potential,  414  ; 
duration,  434  ; electrolytic  action, 

420  ; latent  period,  432  ; partial, 

421  ; reprodncible  on  models,  416  ; 
téléphoné  observations,  413,  424  ; 
température  eHect  of,  459  ; theory 
of,  453,  461  ff.  ; tiine-relation.s,  431  ; 
voluntary  and  reflex  (strychnin),  423 

— dérivation  tlleorJ^  ii.  418 

— electroinotivity,  ii.  443  tf. 

— immunity  to  curare,  ii.  429 

— psendo-electrical  manifestations,  ii.  420 
Electrical  organ,  excitation,  ii.  425  ; Chemical 

(ammonia),  i.  428  ; direct,  428  ; in- 
direct, 423  ; mechauical,  425 

— E.M.F.,  ii.  443  ; pre-existence  of,  445  ; 

“resting”  current,  443 

— homology  with  .striated  muscle,  ii.  379, 

385,  390,  431  i 

— innervation,  ii.  422 

— irreciijrocity  of  conduction,  ii.  456 

— psendo-electrical,  ii.  376  il'. 

— reaction,  ii.  465 

— rertex  discharges  and  tetanns  (strychnin), 

ii.  423 

— secondary  action,  ii.  431 

— secondary  electroraotive  action  (polarisa- 

tion), ii.  447  if. 

— .structure,  ii.  357  fl'. 

— tétanisation,  ii.  426 

Electrical  plate.s,  ii.  361,  377  ; Scluinlein’s 
theory  of  “ nerve-endings,”  430 
Electro-cardiogram,  i.  408 
Electrodes,  unpolarisable  for  muscle,  i. 
174  ; for  leading  olf  discharge  of 
electrical  tishe.s,  ii.  410 
Electrolysi.s,  i.  317  ; ii.  198,  326,  420 
Electromotive  action,  in  crayüsh  muscle, 
i.  410 

— in  electrical  ii.she.s,  ii.  407  fl’. 

— in  épithélial  and  gland  cells,  i.  461  ; 

theory  of  cell-currents,  462 

— in  the  eye,  ii.  470  11. 

— in  lingual  cnrreuts,  i.  464 

— in  man,  i.  391 

— in  imuumalian  heart,  i.  404 

— in  mammalian  sweat  glands,  i.  513 

— in  muscle,  i.  320  11. 

— in  nerve,  ii.  227  11'.;  cooled,  247; 

mollnscau,  243;  moribnnd,  i.  230; 


j non-mednllated,  281  ; non-medullated 
olfactory  of  pike,  236,  243  ; sensory, 
235  ; with  Chemical  and  thermal  exci- 
tation, 252 

Electromotive  action  in  plant  cells,  ii.  1 ff. 

— in  polarisable  schemata,  ii.  298 

— secondar}',  in  electrical  organ,  ii.  447  ; in 

muscle,  i.  442  ff.  ; in  nerve,  ii.  309  11'. 

— skin  cnrrents,  i.  478  ff. 

— strychnin  spasm,  i.  410 

— in  sub-maxillary  glands,  i.  510 

— in  throat  and  cloaca,  i.  473 

— theory,  ii.  315 

Electromotive  cell-unit  (Munk)  or  cell-com- 
plex  (Bnrdon-Sander.son)  in  plants,  ii. 
29 

Electrotonus,  définition,  ii.  144  ; dis- 
similarity  in  muscle  and  nerve,  140 

— anelectrotonus  and  kateletrotouns,  défini- 

tion, ii.  144,  335  ; différence  between, 
268,  279 

— in  anæ.sthesia,  i.  450  ; ii.  294 

— importance  of  medullated  sheath,  269  ii. 

. — in  man,  ii.  152  ff. 

— in  muscle  (polar  alterations  of  excita- 

bility),  i.  280  ; ii.  140  ff,  307,  308 

— in  nerve,  ii.  140  ff.  ; cooled  and  etherised 

medullated  nerve,  286  ; medullated, 
266  fl'.  ; non-medullated,  281 
I — phy.sical  and  phy.siologioal,  ii.  250,  294 
I — in  polarisable  schemata,  ii.  298 

— reaction  during  excitation  (current  of 

action  in  electrotoni.sed  nerve),  ii. 
314 

— secondary  after-eli’ects  in  muscle,  i.  287 

291,  442  11.  ; in  nerve,  ii.  309  ff. 

— seconilary  electrotonns,  ii.  270 
• — time-relatious,  ii.  272,  279 

— undnlatory  character,  ii.  301 

— theory,  ii.  298,  315 

E.M.F.,  measurement  of,  i.  335  ; in  electri- 
cal organ,  ii.  464 
End-brnsh  (W.agner),  ii.  361 
End-plate.s,  i.  384  ; ii.  338  ff.  ; electrical 
(Schbnlein’s  theory),  430 
Epithelial  muscles,  i.  10  ; muscle-cells,  10 
Ether,  action  on  laryngeal  muscles,  ii.  98  ; 
on  lingual  current,  i.  473  ; on  muscle 
current,  359  ; on  nerve,  ii.  61,  75, 
294  ; ou  polarisation  after-currents,  i. 
450 

Excitability  and  conductivity,  ii.  64  ; .and 
contr.actility.  i.  452 

Excitability,  of  central  reflex  organs  (nerve- 
cells),  ii.  106 

— of  cr.ayfish  claw,  ii.  98 

— of  electrical  nerves,  ii.  423  ff. 

— of  eud-organs  (peripheral  and  central),  ii. 

105 

— of  the  eye,  ii.  470 

— of  muscle,  i.  54  ff.  ; different  muscles,  57 

ff.  ; dying  muscle,  182,  343  ; in  ftexors 
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aiul  extensors,  ii.  96,  105  ; ellect  of 
clieiiiical  substances,  i.  104  ; of  circula- 
tion, 195  ; of  (lesiccatioii,  429  ; of 
fatigue,  83  tt.  j of  galvanic  current, 
276  11.  ; of  glycerin,  432  ; of  tempéra- 
ture, 97  : of  tnansverse  section,  227 
Excitability  of  nerve,  ii.  59  tb  ; ettect  of 
abstraction  of  water,  117,  165  ; of 
current,  see  Electrotonus  ; of  tempéra- 
ture, 117  ; local  différences,  93  ; at 
transvei'se  section,  94 

— spécifie,  of  muscle  and  nerve  (Rosentlial), 

ii.  92 

— of  spinal  cord  (direct),  ii.  79  ; sensory 

and  niotor  éléments,  81 
Excitation,  of  electrical  organ,  ii.  423  tf. 

— of  eye,  ii.  470 

— of  muscle,  cliendcal,  i.  104  il.  J electrical, 

174  ff.  ; “general  law,”  191;  by 
intrinsic  current,  326  ; polar,  203  ff. 

— of  nerve,  cliemical,  ii.  165  11.,  253; 

electrical,  116  11'.  ; “ general  l.aw,”  116  ; 
by  intrinsic  current,  232  ; mecbani- 
cal,  253  ; pol.ar,  266  ; witli  sumuuated 
stimuli,  106  ff.,  215  fï.  ; tliermal,  251  ; 
nnipolar,  219  tf.  ; tbeory.  315  fl. 

— of  afferent  nerves,  ii.  120  ; of  secretory 

nerves,  121 
See  Constant  current 

— secondary,  froin  heart,  i.  396,  420,  427  ; 

muscle  to  muscle,  427  ; muscle  to 
nerve,  361,  396,  413  ; nerve  to 
nerve,  ü.  264 

Excitatory  wave  in  muscle,  i.  373  ; rel.ation  j 
to  contraction  wave,  376 

Fall  rlieotome,  i.  353,  385 
Fatigue,  iu  electrical  organ,  ii.  413 

— iu  muscle,  i.  66,  83  H'.  ; Chemical,  354  ; 

local,  from  i>assage  of  current  in  one 
direction,  223  ; from  tetanu.s,  as  coni- 
]iared  witli  fatigue  from  pol.arisation, 
224  ; of  kathodic  fibre-points,  287 

in  nerve,  ii.  109  ; Bernstein’s  exi)eriment. 

111 

î'ibrillated  structure,  i.  3 

Fibrils,  i.  3,  144,  160 

Fixed  polarisation,  ii.  303 

Fixed  wave  of  contraction,  i.  384 

Fhagellata,  electrical  excitation,  i.  307 

Fle.xor  (and  extensor)  muscle.s,  fatigue,  i. 

66  ; spécifie  excitability,  ii.  96,  105 
Form  of  current  oscillation,  i.  194  ; in- 
fluence on  nerve-excit.ation,  ii.  128  11. 
Freezing  of  mu.scle,  i.  103,  218 
Frog  alarum,  ii.  411 
Frog  intcrrui)ter,  ii.  434 
Frog’s  .skin,  electromotive  action,  i.  462  fl. 

Gaf.vanic  current.  See  Constant  current 
Galvanic  wave,  i.  273 
Galvanotropism  in  jirotozoa,  i.  307 


Ganglion-eells,  conductivity  of  excitation, 

°ii.  66  ; effect  of  anœsthetics,  75  ; of 
composition  of  the  blood,  1 1 ot 
strychnin,  71  ; of  summated  stimuli, 
108;  of  température,  76^ 

— electrical,  of  gymnotus,  ii.  3 / 5 ; of  malap- 
teruru.s,  407 

Gastroenemius,  electromotive  action,  i.  325  , 
.scliematic  .structure  (Rosentlial),  324  ; 
téléphoné  observations,  41 1 ; triphasic 
wave,  387 

Gerlach’s  theory  of  nerve-endings,  i.  383 
Glands,  electromotive  action,  i.  461  ff. 
Glycerin,  action  on  muscle,  i.  432  ; on  nerve 
(Kaiser),  ii.  218 

Goblet  cells,  electromotive  action,  i.  474^ 
Gradu.al  entrance  of  current,  i.  192  ; ii.  65, 
120 

Grünhagen’s  CO.^  experiment,  ii.  65,  84 
Gymnotus,  ii.  368  tf. 

Hiîat,  efl’ect  ou  nervous  excitability,  ii.  95, 
117  ; thermal  injury  of  muscle,  i.  218 
Heart,  innervation,  i.  432  ; ii.  103  ; nutri- 
tive fluids,  i.  96  ; secondary  contraction 
from,  396,  420,  427  ; “ staircase  con- 
traction,” 70 

snail’s,  i.  79.  See  under  Cardiac  muscle 

Helmholtz’s  consonating  springs,  i.  135 
Hippocampus  float-muscles,  structure,  i.  30 
Holothurian  muscles,  electrical  excitation, 
i.  234 

Homology  between  electrical  organs  and 
striated  muscle,  ii.  346,  385,  431 
Hydra,  nervo-muscular  cells,  i.  9 
Hydrophilus  muscle,  i.  63  ; tetauus,  125 

Idio-mxtscolar  contraction,  i.  152,  1/2, 
205,  225  ; electromotive  reaction,  390 
Immunity  of  torpédo  to  its  own  shock,  ii. 

41 6,*  440  fl'.  ; to  curare,  429 
Inclination  current  (du  Bois -Reymond), 

i.  325,  386 

Incrément,  law  of  polarisation  (Hermann), 

ii.  315 

Indifl'erent  point,  ii.  143,  157 
Induced  currents,  action  on  ganglion-cells, 
ii.  106  ; on  muscle  (cardiac,  smooth, 
striated),  i.  119,  177,  181,  218;  ii. 

122  ; kathodic  action,  i.  225  ; in 
pathological  cases,  181 

— on  nerve,  ii.  121,  123  fl.,  142,  207  ; 
polar  action,  1 42 

— on  plants,  i.  177 

— on  protozoa,  i,  177  ; ü.  122,  299,  305 
Induction,  effect  on  unipolar  excitation,  ii. 

219 

— incquality  of  make  and  break  shock,  ii. 

123  ff. 

lufusoria,  myoid  layer,  i.  5 
Inhibition,  anodic  in  muscle,  i.  243 

— cardiac,  ii.  257 
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Inhibition,  in  cartliac  vagus,  ii.  194 

— from  central  organs,  ii.  160 

— in  intestine,  i.  247 

— in  striated  innscle,  i.  267 

— in  nerves  of  crayfish  claw,  ii.  100,  185 
Initial  twitch,  i.  133,  315  : cariliac  muscle, 

134 

Injnry  current  in  cardiac  innscle,  i.  344 

— in  electrical  organ,  i.  443 

— in  muscle,  i.  321  11'.,  345  ; smooth  muscle, 

i.  344  ; theory,  345  fl. 

— in  nerve,  ii.  227 

— in  retina,  ii.  470,  474 

— persistence  duriug  anæstliesia,  ii.  358 

— with  Chemical  stimulation,  ii.  354  ff. 
Innervation,  voluntary,  i.  138  fl'. 

Insect  muscle,  contraction  jiheuomena,  i. 
49  ; fatigue,  91  ; nature  of  twitch,  64  ; 
quick  and  sluggish  fibres,  67  ; struc- 
ture, 33  ff.  ; tetanus,  125,  132  ; 
transmission  of  contraction,  155,  164 

— nerves,  ii.  36 

Interférence  of  excitation,  in  muscle,  i.  425  ; 
in  nerve,  ii.  215 

— between  exciting  and  muscle  currents,  i. 

329 

— between  exciting  and  nerve  currents, 

ii.  236 

Inteiqjolation  of  ganglionic  éléments  along 
nerve-fibre,  ii.  66 
Internai  polarisation,  i.  442  If. 
Intersections,  teudinons,  i.  228 
Interstitial  granules  in  muscle,  i.  30,  33 
Intestine,  couductivity,  i.  170  ; electrical 
e.xcitation,  240,  248  fl'. 

Irradiation  of  excitation  in  central  organs, 
ii.  70 

Irreciprocity  of  conduction  (du  Bois-Key- 
mond),  ii.  457 

Irritative  after-currents  (Hermann),  i.  448  : 
ii.  310 

Isoelectricity  of  uninjured  muscle,  i.  341, 379 
Isolated  conduction,  law,  ii.  56,  73 
Isotonie  and  isométrie  contraction,  i.  77,  81, 
99 

Kaiser’s  glycerin  experiment,  ii.  218 
Katelectrotonus.  See  Electrotonus 
Katliode,  définition,  i.  210  ; inhibition  of 
couductivity,  293  lî.  ; ii.  140  fl'.  ; in- 
hil)ition  of  excitability,  i.  279  fl'.  ; ii. 
140  fl’.  ; ])hysiological,  i.  212 
Kathodic  closure  twitch,  i.  272 
Kinesodic  substance,  ii.  80 
Kiihne’s  bifurcate  experiment,  i.  430  ; ii.  57 
— theory  of  inuscular  innervation,  349 

Lanteumann’s  notches,  ii.  43 
Bâtent  period,  i.  56, 72  ; of  muscle  éléments, 
73  ; of  opening  excitation  in  muscle, 
190  ; depeudence  on  current  density, 
216  ; on  strength  of  stimulus,  72 


Latent  period,  of  neptive  variation,  i.  375 

— with  indirect  excitation  of  crayfish  claw, 

ii.  191 

Law  of  contraction  (Pflüger),  with  indirect 
excitation  of  smooth  mu.scle,  ii.  193 

— with  excitation  of  afl'erent  nerves,  ii.  195  ; 

higher  sensory  nerves,  197  ; secretory 
nerves,  195 

Laws,  general,  of  contraction,  Ritter-Nobili, 
ii.  135  ; Pflüger,  136  ; Helmholtz,  136 

— of  excitation  (du  Bois-Reymond),  i.  191. 

313 

— of  electrical  excitation  of  nerve  (du  Bois- 

Reymond),  ii.  116,  122 

— of  isolated  conduction  in  nerve-fibres,  ii. 

52  ; in  nerve-centres,  56,  69 

— ofthe  current  of  action  (Hermann),  ii.  327 

— of  moribund  nerve  (Rosenthal),  ii.  159  : 

Ritter-Valli,  90,  164 

— of  muscle  current,  i.  353 

— of  nerve  currents,  ii.  227 

— of  polar  excitation,  i.  277 

— of  polarisation  incrément  (Hermann),  ii. 

315 

— of  preforination  of  electrical  currents,  ii. 

393 

— of  vital  currents  of  nerve  and  muscle, 

i.  353 

Leaves,  electromotive  reaction,  ii.  2 
Leech,  electrical  excitation  of  cutaneous 
muscular  integument,  i.  245  ; electro- 
motive action  of  skin,  477 
Leistmiffsfahigkeit  (capacity  for  work).  See 
Excitability 

Length  of  intrapolar  nerve-tract.  efl'ect  on 
excitation,  ii.  145 

Light  stimulation,  négative  variation  of 
optic  nen-e,  ii.  256  ; of  retinal  current, 
472  flf. 

iJicke.  See  Breach 

MALArTEHUKUS,  electrical  nerves,  ii.  37, 
403  ff. 

— electrical  organ,  ii.  398 
Mammalian  heart,  i.  404 

Man,  electrotonic  alterations  of  excitability, 

ii.  152  fl'.  ; phasic  action  current,  i. 

394  ; in  lieart,  405  ; .skin  current, 
393,  513 

Medullary  sheath,  ii.  41  ; function  in 
electrotonus,  269 
Médusa  muscle,  i.  59 
IMetabolism,  i.  83 

— in  the  eye,  ii.  480 

— in  nerve,  ii.  201,  249,  328 
Metazoa,  .structure  of  muscle,  i.  9 
Microphone  (Roth),  i.  133 

Mimosa,  excitatory  movements,  ii.  11  ; 
négative  variation,  17  ; theory  of  con- 
ductivity,  12  fl. 

Mobility  of  protoplasm  (excitation),  i.  177 
fl,  192 
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^Moleculai’  theory,  of  electrical  ilischavge  ot 
torpédo,  ii.  453,  462 

— of  electrotoims,  ii.  298 

--  of  leaf  currents  (Munk),  ii.  10 

— of  muscle  (du  Bois-Reymond),  i.  34o, 

389  ; (Bernstein),  350,  389 

— of  nervous  activity,  ii.  316 
Molécules,  peripolar,  i.  348 
Moribund  uerve,  ii.  159 

Mormyrus,  electrical  orgau,  ii.  379  ; de- 
velopment, 389 

Motor  and  iiihibitory  nerves,  ii.  104 

Motor  end-plates,  ii.  340 

Motor  impulses,  frequeney,  i.  138  tf. 

Mucosa  currents,  i.  464  ff. 

Mucosa,  electroraotive  action,  in  tongue,  i. 

464  ff.  ; tliroat,  473  ; stomadi,  500  ff. 
iSIultiimclear  muscle  fibres,  i.  28 
Muscle,  alterations  of  excitability  by  in- 
jury, i.  223 

— contraction,  i.  48,  54  ; eftect  of  tension 

ou,  78  ; tinie-relatioiis,  56 

— death  of,  i.  90,  93 

— effect  of  température,  i.  97 

— fatigue,  i.  66,  8-3  ; cliemical,  354  ; local, 

223;  ofkatliodio  fibre-points,  287  ; of 
red  and  pale  fibre.s,  66, 125  ; of  sniooth 
muscle,  93  ; from  tetanus,  224 

— fibrillated  structure,  i.  3 

— microscopie  réaction,  i.  46 

— natural  contraction,  i.  139 

— poljTTierous,  i.  228 

— quick  and  sluggisli  fibres,  i.  57  ff.,  65 

— reaction,  cliemical,  of  active  and  resting 

muscle,  ii.  465  ; electrical,  of  partially- 
iujured  muscle,  i.  110,  217 

— red  and  pale  fibres,  i.  30  ff.,  90,  127 

— résistance,  i.  200 

— respiration,  i.  96 

— smootli,  i.  21,  92  ff. 

— striated,  i.  3 ff. 

.See  Cardiac  muscle.  Muscle  current, 
Electromotive  action.  Excitation,  Ex- 
citability, etc. 

Muscle  colunins,  i.  20,  25,  32 
Muscle  current,  décliné,  i.  343,  344  ; 
E.M.F.,  335  ; excitation  from  muscle, 
326,  362,  427  ; négative  variation, 
362  ; positive  variation,  resting,  321  H'., 
344  ; weak  longitudinal,  322 
Mu.scle  Sound,  i.  135  ff. 

Mu.scular  antagonism,  ii.  96  ff 
Muscular  innervation  (Küline’s  tlieory),  ii. 
349 

Mu.scular  relaxation  (and  contraction),  i.  99 
Muscular  tonus,  i.  100,  235,  260,  265  ; ii. 

100,  185  ff 
Myogram,  i.  57 

Myograpli,  principle  of,  i.  56  ; double 
(Hering),  175 
Myonema  of  infusoria,  i.  4 
Myoplast,  i.  9 


Xegative  l'ji iizdschwaiikeu.  See  Single 

négative  jiliase 

Négative  variation  of  muscle  current  (ilu 
” Bois -Reymond),  i.  362  ff  ; of  nerve 
current,  ii.  244 
.Sfee  Action  current 

Neicjnnrjstrimi.  Sce  Inclination  current 
Nerve,  anæstlietics,  action  of,  ii.  61  ff.,  294 

— bifurcation  of  fibres,  ii.  52  ff. 

— oells,  ii.  34,  66  ff  ; electrical,  375,  407 

— conductivity  and  excitability,  ii.  52  ff. 

— degeneration,  ii.  90,  117,  230 

— development,  ii.  44 

— effect  of  cold,  61,  76,  117,  247  ; ot 

transverse  section,  94,  156 

— electrical,  ii.  3,  422  ; Chemical  reaction, 

446 

— E.M.F.,  ii.  227  ff.  ; in  moribund  nerve, 

230 

— fatigue,  ii.  109  ff 

— fibres,  ii,  34  ff. 

— invertebrate,  ii.  36  ff. 

— medullated,  ii.  41 

— molluscau,  ii.  281  ff. 

— non-medullated,  ii.  37  ; E.M.F.,  242 

— olfactory,  of  pike,ii.  38  ; E.M.F.,  243,  336 

— reaction,  Chemical,  ii.  110 

— résistance,  longitudinal  and  transverse, 

ii.  133,  304  ; structure,  ii.  33  ff.  ; 
transverse,  304 

See  Conductivity,  Constant  current.  Ex- 
citation, Electromotive  action,  Electro- 
tonus, etc. 

Nerve  currents,  ii.  227  ff. 

Nerve-endings,  in  muscle,  i.  383  ; ii.  338  ; 

Schonlein’s  theory  of  electrical,  430 
Neurokeratin,  ii.  44 
Neuron,  ii.  34 

Non-fibrillated  protoplasm,  i.  299  ff. 
Nutrition,  indispensable  to  vitality  of 
muscle,  i.  92 
Nutritive  Huids,  i.  96 


Oblique  striation  of  muscle,  i.  15  ff 
Olfactory  nerves,  ii.  38  ; E.M.  F.  (in  pike), 
236,  243 

Opening  contraction  (persistent),  i.  186,  210, 
233 

Opening  excitation,  i.  185  ; in  nerve,  de- 
pendence  on  cross-section,  ii.  162 
Opening  inhibition,  anodic  and  kathodic,  in 
heart,  i.  263 

Ojiening  tetanus  (Ritter),  ii.  117,  139,  166, 
179  ; theory,  180 

Opening  twitch,  effect  of  alcohol,  ii.  170  ; 
of  polarisation,  178  ; of  potassium,  175 

— retarded,  ii.  166 

— supposititious,  on  excitation  of  mu.scle, 

i.  329,  333  ; of  nerve,  ii.  238,  311 
Optic.al  projierties  of  muscle  librils,  i.  46 
I 0])tic  nerve,  ii.  201 
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Ortliorlieoiionie  (von  Fleisclil),  ii.  l’^8 
Ova,  polarisation  of  (Roux),  i.  310 

Palaemon  squilla,  nerve-filires,  ii.  45 
Paradoxical  contraction,  ii.  270  ; tetanns, 
271 

Paramæcinni,  galvanotroijic  manifestations, 

i.  308 

Parelectrononiy  in  electrioal  organ,  ii.  462  ; 

in  ninscle,  i.  338  11'.,  389 
Pelomyxa,  electrical  excitation,  i.  305 
Peristaltic  wave,  i.  170 
Petroniyzon,  nerve-flbres,  ii.  47 
Ptiiiger’s  lavv  of  contraction,  ii.  136  ; for 
cardiao  vagus,  194  ; secretory  nerves, 
195  ; sensory  nerves,  195  ; smooth 
ninscle,  194 

— avalanche  theory,  ii.  94 
Phasic  action  cnrreut,  ii.  262 
Phototonns,  ii.  256 

Physical  (and  pliysiological)  electrotonus, 

ii.  250,  294 

Plant  currents,  ii.  1 fî.,  31 
Plates,  electrical,  ii.  361,  373  ; énuméra- 
tion, 396  ; nerve-endings,  364,  374 
Polar  action  of  electrical  current,  in  cardiac 
muscle,  i.  228  lî.,  258  ; in  muscle,  203 
If.,  228  ; in  nerve,  ii.  1 38  lî.  ; in  ova, 
310  ; in  protozoa,  i.  202 

— of  bi'ief  (imlnction)  currents,  ii.  207 
Polarisation,  of  electrical  organ,  ii.  447  11'. 

— of  muscle,  i.  276  If.  ; of  smooth  muscle 

(ureter),  294  ; of  uninjured  mu.scle, 
458  ; duriug-  ether  narcosis,  451  ; in- 
ternai (du  Bois  - Reymond),  442  ; 
positive,  443 

— • of  nerve,  ii.  309  lî.  ; positive,  309 

— of  ova  (morphological),  i.  310 

— after-efl'ects  (on  excitability)  in  muscle, 

i.  287,  291  ; in  nerve,  ii.  143 
Polarisation  currents,  in  electrical  organ, 

ii.  447  lî. 

— in  muscle,  i.  442  lî.  ; anodic  and  kathodic 

(Ilering),  445  ; relation  to  polar  action 
of  current,  444  ; theory,  445 

— in  nerve,  ii.  309  lî.  ; anodic  and  kathodic, 

310  ; theory,  315  lî. 

— after-currents,  in  muscle,  i.  442  ff.  ; in 

nerve,  ii.  309  lî.  ; in  electrical  organ, 
447  11. 

Polarisation  incrément  (Hermann’s  law),  ii. 
315 

Pôle,  deliidtion  of  pliysiological,  i.  212 
Polystomella,  electrical  excitation,  i.  303 
Porret’s  jihenomenon  in  muscle,  i.  273 
Positive  variation  of  mnscle-current,  i.  432 

— after- variai  ion,  ii.  248 

Potassium  iodide  electrolysis,  ii.  417.  420 
Pota.ssium  salts,  action  on  mu.scle,!.  67, 172  ; 
on  E.M.F.,  355,  356  ; .on  polar  excita- 
bility, 220 

— on  nerve,  ii.  175 


Potassium  salts,  antagonisin  to  sodium  salts, 

i.  221,  354 

Pouillet’s  metliod  of  time-nieasurement,  ii. 
59,  432 

Pre-exi.stence  of  muscle  current,  i.  338 
Preformation  of  electrical  éléments,  ii. 
339 

Pressure  of  muscle,  action  on  secondary  ex- 
citation from  nunscle  to  muscle,  i.  427 
Primary  and  secondary  opening  twitehes, 

ii.  178  ; comparison  with  Ritter’s 
tetanms,  180 

Protozoa,  structure  of  muscle,  i.  3 ; electri- 
cal excitation,  299 

Pseudo-electric  organs,  ii.  379  ; activity,420 
Pseudopodia,  reaction  in  electrical  excita- 
tion, i.  300 

Pupillar  dilatation,  ii.  106 

Qdick  and  sluggish  muscle- fibre.s,  i.  59  tî. 

Raja,  electrical  organ,  ii.  376  ; current  of 
rest,  446  ; development,  383  ; dis- 
charge from  organ,  420 
Reaction  of  degeneration,  i.  182,  273  ; of 
partially  injured  mu.scle,  i.  217 
Reaction  (chendcal)  of  electrical  organ,  ii. 
465 

— of  active  and  resting  muscle,  ii.  465 

— of  nerve,  ii.  110 

Recovery  of  muscular  excitability,  i.  354 
Rertex  arc,  ii.  87 

— time,  ii.  67,  72 

Reflexes,  di.scharged  by  electrical  excita- 
tion, ii.  70,  108  tî. 

Refractory  period  of  cardiac  muscle,  i.  288 
Relaxation  and  assimilation,  i.  99 
Reniak’s  libres,  ii.  37 

Renewal  of  cross-section,  elîect  on  muscle 
current,  i.  344 

Repeated  stimuli,  action  ou  nerve,  ii. 
215  fl’. 

Re.sistance  in  muscle  and  nerve,  i.  200  ; ii. 
133,  304 

Respiration,  efl’ect  on  electroniotivit}'  of 
leaves,  ii.  4 

— of  muscle,  i.  96 
Retinal  currents,  ii.  470  fl'. 

Rheonome  (v.  Flei.schl),  ii.  128 
lîheotachygraphic  method,  i.  373,  386,395 
Rheotome,  Bernstein’s  difl'erential,  i.  367  : 

fall,  353,  385 

Rhizopoda,  electrical  excitation,  i.  299 
Rij/or  mortis  (and  water  rigor),  i.  357 
Ritter-Nobili  law  of  contraction,  ii.  135 
Hitter-Rollett  i)henomenon,  ii.  105 
Ritter’s  tetanns.  Sce  Opening  tetanns 
Ritter-Yalli  law,  ii.  90,  164 
Rosenthal’s  law  of  moribund  nerve,  ii. 
159  ; .schéma  of  gastrocnemius  struc- 
ture, i.  324 
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Salivary  glands,  electromotive  action,  i. 
509,  510 

Salpa  muscles,  i.  20 

Sait,  action  on  muscle,  i.  104  ; on  ncrve,  ii. 
167 

Sarcoplasin,  i.  9,  28  ff.,  68,  90 
Scheinhare  Oeffniniri^zuckung.  See  Sup- 
posititions  opening  twitch 
Scliilfs  a'Mhesodic  and  linesodic  experi- 
nieuts,  ii.  80 

Secondary  contraction,  i.  361, 413  11’.  ; effect 
of  tension,  413 

Secondary  electrode  points,  eft’ect  on  polar 
e.xcitation,  i.  255 

Secondary  electromotive  action,  in  electrical 
orgau,  ii.  447  ; in  muscle,  i.  442  ft’.  ; 
in  uerve,  ii.  309 

Secondary  excitation  from  heart,  i.  396, 
420,  427 

— from  muscle  to  muscle,  i.  427 

— from  muscle  to  uerve,  i.  361,  396,  413  ; 

ii.  346  ; during  life,  426  ; in  stryclmia 
spasni,  423 

— from  uerve  to  uerve,  ii.  264 
“Secondary  polarisation,”  ii.  299 
Secondary  tetann.s,  i.  421,  424  ; ii.  265 
Sécrétion  cnrrents,  i.  463,  485,  513 

— in  man,  i.  391,  513 

Seeretory  nerve.s,  excitation  by  constant 
current,  ii.  195 

Seedlings,  electromotive  action,  ii.  5 
Seu.sory  nerves,  excitation  Ly  constant 
current,  ii.  195 

Sepia  banding  of  muscle,  i.  207,  232,  269 
Sheatli  of  Schwann,  ii.  36 
Short -circuiting,  of  muscle  current,  i.  195, 
327  If.  ; internai,  of  muscle  current, 
332 

— of  uerve  current,  ii.  311  ; of  action 

current  in  uerve,  337 

Single  négative  jduise,  time- relations,  i. 
371  ; ii.  260 

Skiii  current  in  frog,  i.  462  ff.  ; witli  in- 
direct excitation,  493 

— in  man,  i.  391,  513 

— in  rvarm-blooded  animais,  i.  513 
Sluggi.sh  mu.scles,  excitation,  i.  177 
Smooth  muscle,  polar  reaction,  i.  247,  256  If. 
Snail’s  heart,  i.  79 

Sodium  salts,  action  ou  niii.scle,  i.  104,  221  ; 
on  nerve,  ii.  167  ff. 

— antagouisni  to  potassium,  i.  221,  354 
Spécifie  excitability  of  nerve  and  muscle, 

ii.  92 

Spinal  cord,  action  of  poisons,  ii.  71  ; direct 
excitability,  79  ; electromotive  re- 
action, 228,  254  ; reaction,  110  ; 
structure  of  comlucting  paths,  87 

— of  gymnotus,  ii.  376 

Spinal  gangli.a,  rate  of  coiiductivity,  ii.  66  ; 
trophic  fnnetiou,  91 
pring  rheononie  (v.  Kries),  ii.  130 


Stairca.se  contraction,  i.  71,  121,  123 
Stentor,  structure,  i.  4 

Stimulation- frequency,  effect  on  contraction, 
i.  142 

Strength  of  current,  effect  on  height  of 
twitch,  i.  70  ; exciting  elticiency,  ii. 
178  tf. 

Striation  of  muscle,  .schéma,  i.  41 
Stroboscopic  inethod,  for  analysis  of  tetauus, 
i.  409 

Strychnin,  dissimilar  action  in  different 
aiiimal.s,  ii.  74  ; efl'ect  on  central 
conductivity,  71  ; tetauus,  i.  143,  ii. 
423 

— action  on  electrical  fi.she.s,  ii.  423 
Summation  of  stimuli,  i.  113  ff.,  189 
Superposition  of  twitches,  i.  115 
Supported  mu.scle,  ett'ect  on  twitch,  i. 

121  ff. 

Supposititious  opening  twitch,  in  mu.scle,  i. 
Qoq  QQR 

— in  nerve,  i.  184,  238,  311 
Supramaximal  twitches,  ii.  213 
Symiiathetic  sy.stem,  ii.  37 

Taste  nerves,  ii.  197  ; electrical,  197 
Téléphoné  as  rheo.scope,  i.  410,  424  ; ii. 
411,  424 

Température,  effect  on  muscle,  i.  91,  97  ff., 
151  ; on  muscle  current,  339  ; on  con- 
ductivity of  nerve,  ii.  61  ; on  current 
of  action,  260  ff.  ; on  excitability, 
76,  117  ; on  lingual  ourrents,  i.  468 
Tendiuous  intersections,  i.  228 
Tension,  efl'ect  on  muscle  twitch,  i.  76  ff. 
Tetauus,  composition,  i.  123  ff.  ; galvanic 
effects,  129  ; natnral,  139  ; nature  of, 
113  ; paradoxical,  271  ; rhythmical, 
131,  135  ; strychnin,  143  ; ii.  423 

— cardiac,  i.  129 

— electrical,  ii.  423,  425 

— in  functionallv  dissimilar  muscles,  i. 

125 

— secondary,  from  muscle,  i.  364  ; from 

nerve,  ii.  265 

Theory  of  conductivity,  ii.  336 

— of  disch.arge,  ii.  357 

— of  electrical  excitation,  ii.  315  ; du  Bois- 

Reymond,  316  ; Funke,  317  ; PHiiger, 
320  ; Hering,  327  ; Bern.stein,  333 
Time-relations,  of  action  current  in  muscle, 
i.  377  ; of  excitation  in  different  kinds 
of  protoplasm,  191  ; of  exrit.atory 
proeess  in  motor  end-organs,  ii.  351 

— in  electrical  organ,  ii.  431 

— in  the  eye,  ii.  478 

Toad,  excitability  of  nerve-mnscle  prépara- 
tion, ii.  126  ; téléphoné  sonnd  in  con- 
traction, i.  424 

Tonus,  in  cardiac  mu.scle,  i.  102,  260  ; in 
smooth  mu.scle,  100 
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Torpeilo,  eleetrieal  orgaii,  ii.  360  ff.  ; iimer- 
vation,  362 

— viviparous  developnieiit,  380 
Tortoise  heart,  i.  433  ; muscle,  69  ff.,  124 
Total  excitability  of  muscle  (v.  Bezold), 

i.  280 

Transmission  of  excitation,  in  leaves  of 
(lionæa,  ii.  26 

— and  contraction  wave,  in  muscle,  i.  147, 

373,  374 

— in  nerve,  ii.  59,  65 

Transverse  excitability  of  muscle,  i.  199  ; 

ii.  134  ; of  nerve,  132  ; of  protozoa, 
134 

Transverse  résistance  of  muscle,  i.  200  ; of 
nerve,  ii.  305 

Transverse  section  (artificial),  effect  on 
excitability,  ii.  94,  156  ; on  opening 
excitation,  i.  330  ; ii.  162  ; on  polar 
excitation  by  carrent,  i.  217  ; ii.  156  ; 
on  total  excitability,  i.  227 

— relation  to  muscle  cui'rent,  i.  322 
Treppe.  See  Staircase  contraction 
Triphasic  wave  in  gastrocnemius,  i.  387 
Twitcli,  cardiac,  i.  58  ; composition  of, 

55  ; isotonie  and  isométrie,  82  ; para- 
doxical,  iii  271  ; summation  of  stimuli, 
i.  421  ff. 

— secondary,  i.  361  ; effect  of  tension  in 

priniary  muscle,  413  ; position  of 
secondary  nerve,  417  ; with  direct  and 
indirect  excitation  of  primary  muscle, 
416 

Ueberlebex.  See  Vitality 
Under-propping,  eftect  on  twitcli,  i.  121 
Unipolar  excitation  of  cardiac  muscle,  i. 
231  ; of  nerve,  ii.  154,  219 


Unterst'âtzung.  See  Under-propj)ing,  After- 
loading 

Ureter,  eleetrieal  excitation,  i.  180,  251  ; 
meclianical  excitation,  167  ; effect  of 
polîirisation,  294  ; ettect  of  tension 
upon  contraction,  80 


Vagüs,  action  on  heart,  i.  433  ; antagonism 
of  respiratory  fibres,  ii.  104  ; excitation 
by  constant  current,  120  ; polar  inhibi- 
tion, 194 

Vascular  nerves,  antagoni.sm  of  con.sti'ictors 
and  dilatons,  ii.  104  ; excitability,  104 
Veratrin,  action  on  polarisation,  i.  454  ff.  ; 

on  .striated  mu.scle,  107,  265 
VerUwf  (Contractions).  See  Tinie-relations 
Visual  stimulation,  ii.  202 
Vitality  of  cardiac  muscle,  i.  91  ; of  smooth 
muscle,  92  ; of  nerve,  ii.  89  ; of 
retina,  479 

Voltaic  alternative,  in  muscle,  i.  224,  292  ; 

in  nerve,  ii.  151,  239 
Von  Fleischl’s  rheonome,  ii.  128 
Vorticella,  stalk  muscle,  i.  4 

Wagnee’s  brush,  ii.  361 
Wallerian  degeneration,  ii.  91 
Water  rigor,  i.  357  ; not  true  râ/or  mortis, 
358 

Worm  muscles,  i.  12  ; eleetrieal  excitation 
of  cutaneous  muscular  integument, 
240  ff. 


ZwEiGiPEELVER.'iL’CH.  See  Bifurcate  ex- 
periment 


THE  END 


l'rintcd  hy  R.  8:  K.  Clakk,  Limited,  Kdinhirgh. 


ERRATA  IN  VOL.  I 


Page  xi.,  inscH  Cro.ss-striateil,  Multinuclear  Muscle  Fibres,  page  26,  after  The 
Jluscles  of  Metazoa. 

Page  xii.,  i)iscrt  The  Electrical  Excitation  of  Muscle,  pkge  174,  ahove  The 
Electi'ical  Excitation  of  Uulihrillated  Protoplasm. 

Page  3,  line  4 from  hottoui,/o;-  Acanthocystiden  rcad  Acauthocystidæ. 

Page  4,  line  16,  orad  Opalinidæ. 

Page  18,  line  Z,  for  bisected  rcad  when  eut  across  {and  transpose  to  end  of  line). 

Page  29,  lines  11,  13,  for  areæ  rcad  areas,  pcessim. 

Page  46,  line  25,  for  refractibility  rcad  refracting  power. 

Ib.  line  32,  read  refraction. 

Page  47,  lines  32,  40,  page  48,  line  14,  for  double  refractibility  rcad  double 
refraction. 

Page  47,  line  27,  insert  in  after  dark. 

Page  49,  lines  17,  18,  for  accept  the  penetrating  conclusions  read  follow  the 
admirable  researches. 

Page  56,  line  19, /or  abscissa  read  base-line  ; ib.  page  116,  line  8 ; page  146,  line 
12  ; page  205,  bottom  line  ; page  364,‘5  from  bottom  ; page  366,  11  from  bottom  ; 
page  375,  12  from  bottom. 

Page  58,  line  16,  delete  elementary  ; line  27,  ib.,  and  for  an  elementary  rcrerZ  a 
simple. 

Page  68,  line  26,  for  muscles  recul  mussels. 

Page  70,  line  24,  insert  only  after  cardiac  muscle. 

Page  80,  lines  11,  14,  a.nà  petssim,  for  canula  read  cannula. 

Page  81,  line  28,/«-  while  at  the  same  time  read  although. 

Ib.  lines,  36,  37,  read  and  at  the  same  time  to  give  a graphie  record  of  its 
varying  tension. 

Ib.  line  38,  for  the  short  read  a very  short. 

Page  82,  line  8,  insert  the  before  muscle. 

Ib.  lines  14  and  8 from  bottom,  insert  quotation  marks  hcforc  The,  and  (Fick  39) 
after  tension. 

Ib.  lines  6 and  5 from  bottom,  rcad  with  the  greatest  possible  tension  the  muscle 
only  shortens  by  a. 

Ib.  line  3,  insert  during  before  its  contraction. 

Page  97,  line  24,  insert  in  muscle  after  death. 

Ib.  line  25,  for  denoted  reccd  readily  explained  by  the  ; for  products  read  processes. 

Page  98,  4 from  bottom, /or  at  a moderato  rate  recul  by  a suitable  rate. 

Page  99,  line  6, /or  by  read  in. 

Page  102,  line  15,  for  i.e.  rcad  namely  ; line  18,  for  or  read  of. 

Page  103,  line  17,  recul  Tins  tonus  iiiay  be  at  once  abolished. 

Ib.  line  19,  for  reduces  read  disappears. 

Page  107,  line  7,  insert  comma  after  fall. 


494 


ELECTKO-PHYSIOLOGY 


Ib.  line  14, /o;-  Na^COj  rcad  Na.jCOa. 

Page  109,  bottoin  line,  iasert  the  beforc  sartorius. 

Page  110,  line  10,  dehte  and,  read  so  that  the  twitches,  usually  of  very  hrief 
duration,  served  up,  etc.  ; line  1\,  for  ab.scissa  rcad  abscissæ. 

Page  114,  line  22,  for  tetanus  rcad  tétanie  ; line  28,  for  beliind  rcad  near. 

Page  115,  line  3,  rcad  interval  between  the  two  stiinuli  is  eijual  to  the  period  ot 
rising  energy  of  a single  contraction. 

Ib.  line  11,  /or  scheme  rcad  schéma  ; line  13,  read  vertically  over. 

Page  116,  line  11,  recul  according  as  the  second  twitch  Avas  snperposed  at  a more 
advanced  stage  of  the  lirst  contraction. 

Page  117,  line  13,  and  passim,  for  crab  rcad  crayfish. 

Ib.  last  line,  for  tetanus  rcad  tétanie. 

Page  120,  line  9,  ib. 

Ib.  Fig.  54  should  be  reversed. 

Page  121,  line  24,  for  the  rcad  a loaded  muscle. 

Page  122,  last  line  but  one, /or  proportionately  rcad  suitably. 

Page  128,  line  27,  for  250  read  280. 

Page  130,  line  7,  rcad  stimuli  and  contractions  ; line  8,  for  Avorking  read 
sent  in. 

Page  131,  last  line,  read  As  regards  strength  of  current,  the  rhythm  Avas  limited 
between  just  effective  distance  of  the  coils,  and  1-2  mm.  ; in  other  Avords,  to  a vei’y 
small  interval  of  différence. 

Page  134,  line  6,  for  over  read  by  ; last  line,  insert  only  aflcr  systole. 

Page  136,  line  11,  for  since  read  and. 

Page  137,  line  14,  insert  to  beforc  Avhich. 

Page  139,  line  9,  dclete  comma  after  registered. 

Page  144,  No.  38  of  Bibliography,  tr.  into  Griffiths. 

Page  148,  last  Unes, /or  pseudopod  rcad  pseudopodium  {passim). 

Page  149,  3 from  bottom,  for  sense  recul  direction. 

Page  152,  line  Q,for  excitating  read  exciting. 

Page  174,  line  9, /or  momentary  rea.cl  instantaneous. 

Page  182,  line  3,  for  in  recul  with  ; 5 from  bottom, /or  betAveen  rcad  in. 

Page  193,  line  28,  for  steepness  read  abrujAtness. 

Page  195,  line  5,  for  in  read  Avithin  ; line  27,  insert  (Biedermann,  14). 

Page  219,  line  3,  for  le.ss  read  more. 

Page  221,  line  9, /or  potash  rcad  potassium  (passim). 

Page  299,  line  10,  read  Becquerel  (passim). 

Page  310,  line  23,  for  areœ  rcad  areas. 

Page  320,  line  3,  comma  after  mass  motion  ; and  line  4,  insert  in  beforc  electricity. 
Page  333,  line  9, /or  spurious  rcad  false  or  supposititious. 

Page  338,  last  line,  rcad  albumin  ; page  340,  line  25,  ib. 

Page  358,  line  9, /or  sense  rcad  direction  ; line  23,  for  i.e.  rcad  e.g. 

Page  371,  line  4, /or  négative  variation  rcad  single  négative  phase  ; line  23,  for 
record  read  représentation. 

Page  372,  1 from  bottom, /or  free  recul  light. 

Page  376,  line  211,  for  Avas  the  precursor  of  rcad  preceded  the. 

Page  384,  line  24,  for  1 foyer  rcad  Doyère. 

Page  385,  line  25,  and  page  386,  lines  7,  27,  2%,  for  achilles  rcail  aehillis. 

Page  510,  lines  4,  14,  36,  ami  passim,  for  hilus  recul  hilum. 


SECONDARY  ELECTROMOTIVE  ACTION  IN  MUSCLE 

CiiAPTER  IV.,  Section  IV.  (Hevised) 


Bexd,  lu  muscle  (as  iii  uerve,  electrical  organs,  aud  irritable  ^u'otoplasm 
iu  général)  the  passage  of  the  electrical  curreut  is  followed  by  certain 
electroiiiütive  reactions,  wliich  are  intiinately  related  witli  tlie  action  curreut, 
and  are  to  a certain  extent  only  a spécial  manifestation  of  the  saine.  As 
early  as  1834,  Peltier  discovered  that  the  protracted  passage  of  current  in 
frogs’  limbs,  in  isolated  muscles,  and  even  in  pièces  of  muscle,  will  develop 
a current  in  the  revei’se  direction.  This  lie  interpreted  to  mean  that  oxygen 
and  hydrogen  are  separated  at  the  interface  of  animal  tissue  and  conducting 
llnid,  as  they  would  be  at  an  intermediate  métal  surface. 

Du  Bois-Reymond  (67),  who  took  iip  tlie  investigation  later,  came  to  the 
conclusion  that  the  secondary  current  (after  - current)  does  not  dépend 
exclusive!}',  if  at  ail,  npon  the  ions  separated  at  the  pôles,  but  is  also 
generated  in  the  tract  lying  between  them.  He  foiiiid,  namely,  that  ail 
sections  of  the  intrapolar  tract  of  a longitiidinally-traversed  muscle  will  give 
electromotive  action  in  the  saine  direction,  after  opening  the  polarising 
current.  Accordingly,  he  advanced  the  view  that  this  effect  mainly  depended 
on  what  he  termed  '■^internai  polarimtion.” 

Many  inorganic  and  organic  porous  bodies,  saturated  witli  an  electrolyte, 
do,  in  fact,  acquire  the  property  of  négative  internai  polarisation.  The 
polarising  current  then  divides  itself  between  tlie  badly-conducting,  saturat- 
ing  Üuid,  and  the  porous  vessel,  when  the  latter  beconies  polarised  from  the 
separated  ions.  “ Each  of  the  many  interfaces  now  gix'es  electromotive 
action  in  the  reverse  direction  from  that  in  which  it  was  traversed  by  the 
current.”  The  superposition  of  ail  these  partial  currents  results  in  a 
current  through  the  circuit.  Each  tract  of  equal  length  in  any  regularly 
constructed  (prismatic,  or  cylindrical)  body  will,  as  a ride,  exhibit  marked 
secondary  electromotive  action  after  the  passage  of  the  current. 

Soon,  however,  it  was  observed  that  living  muscle,  traversed  by  the 
current,  behaved  in  this  respect  quite  differently  from  dead  organic,  or 
inorganic,  bodies  ; as  shown,  above  ail,  in  the  fact  that  positive,  as  u'ell  as 
négative,  after-currents  niake  their  appearance  under  certain  conditions.  For 
the  investigation  of  polarisation  elîects  in  muscle,  du  Bois-Reymond  generally 
employed  the  gracilis  and  semimeinbranosus  muscles,  at  a convenient 
tension.  He  used  one  pair  of  iinpolarisable  électrodes  to  lead  in  the  polar- 
ising current,  and  another  to  lead  olf  the  polarisai  ion  current.  The 
latter  were  usually  placed  between  the  lirst  pair,  within  the  intrapolar 
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tract.  A spécial  contrivance  enabled  him  to  alter  the  “period  of  closure  ” — 
i.e.  the  time  for  whiclr  the  polarising  ciirrent  was  sent  through  the  polaris- 
able  object — l'rom  0'001-20  secs.  The  sanie  contrivance  effected  closure  of 
the  galvanoiueter  circuit,  after  breaking  the  battery  circuit  at  a niiniinal  and 
constant  interval. 

The  resulting  secondary  electromotive  effects  in  the  muscle  are  essentially 
dépendent  on  the  density  and  duration  of  the  primary  current,  and  are  very 
confused,  owing  to  the  constant  interférence  of  négative  and  positive  effects. 
“ With  a current  density  below  that  of  2 Groves,  and  with  a very  brief 
closure,  no  polarisation  is,  as  a rule,  perceptible  on  the  galvanoraeter.  The 
lirst  traces  obtained  with  1 Dan.  and  1 sec.  closure  are  négative.  The  first 
positive  traces  appear  with  2 Groves,  and  about  0'3  sec.  closure.” 

With  increasing  period  of  closure,  du  Bois  foimd  that  positive  polarisation 
quickly  reaches  its  maximum,  and  then  déclinés  more  slowly,  and  passes 
over  into  négative  polarisation,  which  again  rises  to  a maximum.  He  fixes 
the  “ critical  point  ” of  closure  as  that  at  which  positive  passes  into  négative 
polarisation.  The  maximal  positive  polarisation  in  these  experiments  was 
at  a closure  of  0'075  sec.  with  20  Groves  (!)  ; the  maximal  négative 
polarisation  at  ten  minutes’  closure  of  1 Grove.  Brief  impacts  of  current 
(induction  shocks)  invariably  produce  positive  polarisation  only. 

Both  positive  and  négative  polarisation  are  very  persistent,  and  some- 
times  outlast  the  opening  of  the  polarising  current  for  twenty  minutes  or 
more.  If  the  current  is  broken  at  the  “ critical  point,”  du  Bois  not 
infrequently  observed  a diphasic  eft’ect,  usually  in  the  direction  of  first 
négative  and  then  positive  polarisation.  This  is  due  to  the  fact  that,  while 
both  iDolarisations  are  simultaneously  présent  from  the  moment  of  closure, 
they  inçrease  in  a different  degree,  “ négative  polarisation  rising  more  in 
proportion  with  the  time  of  closure,  while  positive  polarisation  rises  quickly 
at  first,  and  then  more  slowly.” 

Du  Bois-Reymond  further  concluded  from  experiments  in  which  the 
upper  and  lower  half  of  regularly  - constructed  muscles  were  traversed 
alternately  by  the  current,  and  tested  for  polarisation,  that  “strong  positive 
polarisation  is  exhibited  in  the  upper  half  with  ascending,  in  the  lower  half 
with  desceuding  direction  of  current.” 

Dead  muscles  still  exhibit  traces  of  négative  internai  polarisability,  that 
are  completely  abolished  only  by  boiling  ; positive  polarisation,  on  the 
contrary,  is  exclusively  characteristic  of  living  muscle. 

Du  Bois-Reymond  concluded,  “ not  that  electromotive  forces  homodro- 
mous  with  the  primary  current  are  generated  liy  the  positively  polarisable 
tissues,  but  that  the  carriers  of  pre-existing  electi’omotive  forces  •(electromotive 
molécules)  are  homodromously  adjusted  with  the  primary  current.” 

How  little  these  results  really  support  the  molecular  theory,  is  obvions 
from  the  later  investigations  of  Hering  and  Hermann  (68,  69). 

In  the  first  place,  Hering  jiroves  conclusively  that  tliere  can  be  no 
question  of  internai  positive  or  négative  polarisation  in  du  Bois-Reymond’s 
sense,  since  the  actual  seat  of  the  electromotive  changes  induced  by  the 
exciting  current  is  at  those  points  of  the  contractile  substance  by  which 
the  current  enters  or  leaves  the  muscle  (the  physiological  pôles)  : so  that  the 
close  relation  between  these  phenomena  and  the  polar  action  of  the  current 
is  unmistakable. 
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If  (as  already  set  fortli)  each  alteration  of  cheiuical  activity  in  any  part 
of  tlie  muscle-fibre  necessarily  iniplies  the  appearance  of  electromotive  action, 
we  should  anticipate  tliat  on  sending  carrent  through  a muscle  witli  parallel 
libres,  tlie  chemical  alterations  in  tbe  contractile  suljstance  at  the  physio- 
logical  kathode  and  anode  would  initiate  différences  of  potential.  And  these 
différences  must  be  manifested  when  one  or  the  other  end,  so  altered,  of  the 
muscle  is  led  oft’  in  connection  with  a point  on  the  otherwise  uninjured 
surface.  The  results  which  Hering  obtained  from  experiments  on  the 

frog’s  sartorius  did,  in  fact,  correspond  in  every  particular  with  tins 
assumption. 

If,  namely,  tins  muscle  is  fi.xed  at  moderate  tension,  the  carrent  being 
passed  through  it  from  the  stumps  of  bone  on  either  side,  then  on  leading  off 
from  one  or  the  other  tendon-end,  and  from  a point  on  the  longitudinal 
surface,  the  muscle  carrent  measured  previous  to  the  passage  of  the  carrent 
will,  on  breaking  the  latter,  be  found  to  be  considerably  altered.  It  is 
increased,  diminished,  neutralised,  or  the  reverse,  according  to  the  direction, 
strength,  and  duration  of  tbe  exciting  current,  and  the  strength  and  direction 
of  the  original  muscle  current.  When  the  muscle  current  lias  been  pre- 
viously  compensated,  “ polarisation  currents  ” make  their  appearance  in 
correspondence  with  the  positive  or  négative  modification  of  the  muscle 
current.  These  may  be  positive  or  négative,  i.e.  homodromous  or  hetero- 
dromous  to  the  exciting  current.  Since  they  are  really  initiated  at  the 
anodic  and  kathodic  points  of  the  muscle-substance,  Hering  distinguishes 
between  anodic  and  kathodic  polarisation.  The  former  may  be  either  positive 
or  négative,  the  latter  is  in  most  cases  négative  only. 

With  a brief  closure,  very  weak  currents  invariably  give  a necjative 
polarisation  current  in  fresh  muscle,  so  long  as  only  the  anodic  tendon-end, 
and  a point  at  about  the  middle  of  the  muscle  surface,  are  in  the  galvanometer 
circuit.  With  stronger  exciting  currents,  on  the  other  hand,  and  not  too 
brief  a closure,  jio&itive  polarisation  alone  results,  and  increases  with  the 
strength  of  current,  until  finally  it  far  exceeds  the  strongest  négative  anodic 
polarisation. 

Very  strong  currents  jiroduce  positive  polarisation  at  once,  even  with 
the  shortest  possible  closure.  Weaker  currents,  with  brief  closure,  give 
négative  or  diphasic  (first  négative,  then  positive)  polarisation,  and  the  pure 
positive  effect  only  appears  after  prolonged  closure.  Induction  currents  are 
like  strong  constant  currents,  with  minimal  closure,  and  produce  positive 
anodic  polarisation  only. 

AU  these  j)olansation  effects  (after-currents)  are  vxmting,  or  at  most  appear  as 
a trace,  if  hoth  leading-off  électrodes  are  apidied  to  the  longitudinal  surface  of  the 
muscle,  and  not  too  close  to  one  or  the  other  end  of  it. 

Since,  according  to  Hermann’s  “alteration  theory,”  excited  muscle- 
substance  is  négative  to  unexcited  substance,  there  can,  when  we  consider 
the  conditions  and  the  character  of  the  opening  excitation  in  muscle,  be  no 
doubt  that  positive  anodic  polarisation  is  the  expression  of  the  latter.  “ The 
positive  polarisation  current  produced  Inj  alteration  of  the  anodic  2>oints  of  the 
contractile  substance  is  an  action  current,  due  to  the  break  excitation  starting  from 
the  anode”  : alheit,an  action  current  that  behaves  very  differently  from  the  action 
exerrent  due  to  the  xnake  stimxdus,  that  has  so  far  cxclusiveiy  concerned  us. 

The  long  persistence  of  negativity  at  tlie  anodic  ]>oints  is  remarkable  in 
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tins  connection.  It  is  easily  explained  by  the  fact  that  the  opening  of  a 
constant  current  leads,  under  certain  conditions,  to  tlie  prbtracted  excitation 
(persistent  opening  contraction)  of  tlie  muscle.  Tliis  gradually  déclinés 
becoming  more  and  more  restricted  to  the  anodic  points  of  the  muscle.  Even, 
however,  in  cases  where  (as  with  weaker  currents,  or  brief  closure  of  stron" 
currents)  there  is  no  visible  j^iersistent  break  contraction,  nor  even  a break 
twitch,  we  are  free  to  regard  the  positive  polarisation  current  as  the  ex- 
pression of  a break  excitation  lasting  for  a considérable  period — inasmuch  as 
a low  degree  of  contraction  is  difficult  or  impossible  to  demonstrate,  especially 
when  it  is  confined  to  the  immédiate  vicinity  of  the  anodic  or  kathodic  points 
of  the  muscle,  while  negativity  may  be  présent  as  the  expression  of  excitation, 
without  the  slightest  manifestation  of  contraction. 

Hermann’s  view  of  the  positive  anodic  after-current  only  differs  from 
that  of  Hering  in  that  (starting  with  the  assumption  of  an  intrapolar 
electrotonus)  he  locates  the  break  action  current  in  the  entire  anelectrotonic 
tract  of  the  muscle.  But  it  has  already  been  shown  (siqmc)  that,  provided 
we  avoid  an  undue  strength  of  polarising  current,  the  alterations  that  are 
termed  collectively  “ electrotonus  ” are  ail  strictly  confined  to  the  physio- 
logical  electrode  points. 

With  respect  to  kathodic  jMlarisation,  we  find  that  it  is  almost  exclusively 
négative  in  striated  muscle.  On  leading  off  from  a sartorius  (through 
which  current  is  passing)  by  the  kathodic  end,  and  centre,  of  the  muscle, 
polarisation  first  appears,  with  very  weak  currents,  after  a closure  of  several 
seconds,  and  is  steadily  augmented  with  increased  strength  of  current  and 
longer  closure.  On  comparing  it  with  the  positive  anodic  after-currents 
observed  at  the  saine  end  of  the  muscle,  at  the  saine  strength  of  current 
and  duration  of  closure,  the  latter  soon  exceed  it  very  considerably.  With 
very  strong  currents  and  prolonged  closure,  négative  kathodic  polarisation 
may  become  as  strong  as  the  equally  abterminal  muscle  current  seen  on 
killing  the  saine  end  of  the  muscle,  without  shifting  the  galvanometer 
électrodes.  Induction  currents  also  give  négative  kathodic  polarisation,  but 
it  is  essentially  weaker  than  the  positive  anodic  polarisation  prodiiced  by  the 
saine  strength  of  induction  current  in  the  saine  (sartorius)  muscle.  The 
conclusion  is  therefore  that,  with  incrcasing  str.ength  and  duration  of  excitimi 
current,  the  kathodic  reçjion  of  the  muscle  {physiolocjicul  kathode)  hecomcs  more  and 
more  nerjative  in  comjxirison  with  the  centre  of  the  muscle.  If  tins  etiect  were 
the  ecpiivalent  of  internai  physical  polarisation,  the  négative  polarisation 
current  would,  as  has  been  shown,  appear  at  approximately  constant  strength 
on  leading  off  from  any  point  within  the  intrapolar  tract  ; and  Hering  lias 
shown  that  tins  never  is  the  case.  On  the  contrary,  when  the  leading-off 
électrodes  are  placed  at  the  boiindary  between  the  upper  and  middle  thirds 
of  the  sartorius,  while  the  polarising  current  is  led  in  as  before  through  the 
boues,  there  is  either  no  polarisation  current,  or  it  is  so  insigniticant  in  coni- 
parison  with  the  anodic  and  kathodic  polarisation  that  it  is  practicallv 
negligible.  The  relatively  weak  ettects  Avhich  may  be  observed  in  the 
intrapolar  tract  with  very  strong  polarising  currents,  and  prolonged  closure, 
are  to  be  explained  by  the  fact  tliat  the  jmlar  points  of  the  muscle  are  never 
confined  exclusively  to  its  ends,  c.;/.  in  the  sartorius  there  are  not  infre- 
qiiently  short  fibres  whicli  terminate,  or  begin,  somewhere  in  the  length  of 
the  muscle.  Again,  the  appearance  of  the  niake  and  break  persistent  cou- 
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traction  iiecessarily  produces  inequalities  in  the  individual  parts  of  tlie  inter- 
polar tract.  Hence,  there  is  no  adecpiate  reason  for  assuniing  an  internai 
polarisation  of  the  muscle-substance  in  du  Bois-Reymond’s  sense.  On  the 
othtr  hand,  nll  the  manifedations  of  négative  kathodic  ^solarisation  are  again 
readihj  cxplained  Inj  chemical  alterations  {excitation  or  loccd  fatigue)  in  the 
kathodic  points  of  the  fibres  collectivehj. 

Nor  are  the  later  experiments  of  du  Bois-Reymond  more  convincing,  in 
which  the  application  of  a current  from  10  Groves  produced,  after  15-25 
minutes’  closure,  “ a secondary  E.M.F.  in  the  reverse  direction  to  the  polarising 
current,  in  every  part  of  the  muscle  ” — its  magnitude  increasing  with  the 
length  of  the  tract  led  off.  For  the  extent  to  which  excitability  and  con- 
ductivity  in  the  muscle  would  be  altered  by  such  impossibly  strong  currents 
is  suthciently  attested  by  the  appearance  of  the  galvanic  wave  under  similar 
conditions,  as  ahso  by  the  persistent  excitation  (often  extremely  marked,  and 
widely  distributed  over  the  intrapolar  tract  of  the  muscle)  in  the  anodic 
région,  which  dépends,  as  was  shown  above,  upon  the  effectuation  of 
secondarj'  electrode  points.  Indeed  there  can  hardly  be  a doirbt,  after  the 
preceding  discussion,  that  experiments  performed  under  such  abnormal 
conditions  in  no  way  contravene  the  clear  and  simple  resuit  of  Hering’s 
investigations. 

The  most  striking  proof  that  secondary  electromotive  phenomena  are 
pure  polar  effects  of  the  current  is,  however,  the  fact  that  both  positive  anodic 
and  négative  kathodic  polarisation  are  abolished  by  killing  the  anodic  or 
kathodic  ends  of  the  muscle,  exactly  as  occurs  with  the  opening  and  closing 
excitation.  The  négative,  and  still  more  the  positive,  polarisation  current  is 
accordingly  dépendent  upon  the  integrity  of  the  kathodic  or  anodic  points  of  the 
excitable  tissues. 

Hermann  points  this  ont  in  référencé  to  the  positive  anodic  after-current 
only  in  muscle,  designating  this  alone  as  “ irritative,'’  in  contradistinction  to 
the  négative  after-current  “ resulting  from  true  polarisation.”  Like  du  Bois- 
Reymond,  he  dérivés  the  latter  from  the  entire  intrapolar  tract,  and  after 
partial  passage  of  the  current  from  the  extrapolar  tracts  also,  in  conséquence 
of  a polarisation  which  he  takes  to  be  équivalent  with  certain  polarisation 
phenomena  (to  be  discussed  below  ; see  vol.  ii.  pp.  309  if.)  that  occur  in  medul- 
lated  nerve — as  also  in  a polarisable  wire  surrounded  by  an  electrolyte, 
through  the  sheath  of  which  the  current  enters.  He  concludes  that  the 
effects  upon  this  core  model  coincide  with  the  polarisation  effects,  both  intra- 
and  extra-polar,  of  muscle  (and  nerve),  the  “ polarisation  after-current  ” being 
in  the  lirst  case  heterodromous,  in  the  second  homodromous,  with  the 
polarising  current. 

We  shall  enter  more  fully  into  these  relations  in  discussing  the  electrical 
excitation  of  nerve  ; for  the  moment  it  may  be  said  that  little  as  the  phenomena 
can  be  di.sputed  under  some  conditions,  yet  that  in  muscle  (within  a certain, 
so  to  speak,  physiological  limit  of  current  strength)  the  négative  kathodic 
must,  equally  with  the  positive  anodic  after-current,  be  designated  as  “ irrita- 
tive,” and  resulting  altogether  from  pure  polar  action  of  the  current. 

Page  449,  line  16,  for  lias  reeciitly  rend  subsequently. 

Ib.  line  2it,fur  aiitagonistic  rend  heterodromous. 

Jb.  line  30,  insert  de.signated  as  after  is. 
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Page  449,  liiie  ib,for  jiroper  read  itself. 

Page  450,  line  ‘1&,  for  no  trace  rcad  only  a trace. 

Page  451,  line  28,  aftcr  tlie  rcad  luesence  of  the  alterations  fuiirlamental  to  tlie 
after-cnrrent. 

Page  452,  line  22,  for  exist  rcad  be  manitested,  insert  qnite  Icforc  different. 
Page  453,  line  23,  delcte  or  c(ftcr  2iositive. 

Page  459,  line  19, /or  end  read  close. 
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